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Introduction
Over the last two decades, THz technology has experienced an extraordinary
breakthrough thanks to the progresses made in generation, manipulation and
detection of radiation belonging to this region of the electromagnetic spec-
trum. Many new techniques have been pioneered, motivated in part by the
vast range of possible practical applications such as high-speed communica-
tions, molecular spectroscopy, security imaging and medical diagnosis, to just
give a few examples. In fact, most of the interest in THz science and technol-
ogy has grown out of the unique properties of the interaction between THz
radiation and matter. These include the transparency of common packaging
materials such as plastics, ceramics and paper. Consequently, there are also
great expectations for THz microscopy, especially as a potential diagnostic
tool in quality inspection of various industrial productions or even of human
tissues. However, this peculiar field of research is only at its beginning and
many possible improvements and applications shall be foreseen.
Until a few years ago, the THz range was characterized by a lack of
suitable and cost effective technologies (the so called “THz gap”) in both
generation and detection processes. Moreover, “photonic” approaches were
limited by the difficulty of creating solid state devices emitting at low frequen-
cies; a significant improvement was achieved by the recent invention of the
quantum cascade lasers (QCL) emitting at terahertz frequencies [1]. Then,
thanks to the availability of a powerful, compact, solid-state laser source, a
major step forward in THz imaging technologies was made: once combined
with bolometer array camera detectors, QCLs have allowed the realization of
the first systems for stand-off THz image acquisition, operating in real time,
up to distances of more than twenty meters.
In the present thesis work, I focused my efforts on trying to transfer the
principle of optical confocal microscopy to the THz, by implementing the first
confocal imaging system based on a QCL, in this case emitting at ∼ 3 THz.
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The confocal spatial filtering can sensibly reduce the depth of field of the
microscope, as well as improve its resolution and contrast, making it very
useful for inspection of close-by surfaces, where different planes have to be
clearly distinguished, or where a depth information is crucial.
In Chapter 1 I will present a brief introduction on optical microscopy in
order to highlight the properties that characterize the optical system such
as the resolution or the contrast. Then I will describe in detail the confocal
microscopy and I will put emphasis on the role of the confocal spatial filters,
since they provide great advantages on the image quality.
In the second chapter, the THz quantum cascade laser is introduced to-
gether with the main strategies used for thermal detection of THz rays. In
the brief following survey, the recent progresses in the THz imaging field are
reported and a special attention is focused on the first examples of confocal
setups with other THz generation techniques.
The innovative use of a QCL source for this type of configuration required
various preparatory tests and measurements in order to assess the emission
beam quality and to choose the best option for the spatial filter. In order
to reduce the emitting area and to improve the profile regularity, hollow
metallic waveguide couplers and pinholes were examined. The waveguides
were also fully characterized in terms of propagation and coupling losses to
QCLs in different configurations, proving that very low-loss modes can be
efficiently excited, that is an interesting result for the future development of
THz endoscopes. The third chapter is devoted to the description of these
preliminary tests.
Finally, the confocal setup was assembled and characterized in terms
of lateral and axial resolution. In Chapter 4 the definitive experimental
apparatus and the measurement techniques are described and several THz
images of test objects that I collected are presented in order to show the
excellent performance of the assembled instrument.
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Chapter 1
Optical Microscopy
The optical microscope is probably the most popular scientific instrument
on Earth [2]. Since the invention of the first simple model, in the 17th cen-
tury, the science of microscopy has seen a constant progress which has led
to higher and higher resolution and better image quality, involving different
kind of sources (electrons, ultrasounds, ions, lasers), new technologies and
new materials. Furthermore, optical microscopy benefited from the develop-
ment of new powerful ideas (confocal, interference and near-field microscopy)
for improving performances both in resolution and contrast [3, 2]: the con-
focal optical microscope [4] is probably one of the most interesting examples
to be cited. As we are going to show, confocal microscopy reduces blur-
ring of images by narrowing the illuminated volume under inspection (to
reject the out-of-focus scattering contributions) and by recording the image
point-by-point (scanning confocal optical microscopy [3]). The resulting re-
constructions tend to have more contrast and better edge definition than
those obtained using a standard microscope, not to mention slightly better
lateral and axial resolution.
A scheme of the simplest optical microscope is shown in Figure 1.1: it puts
in evidence the main elements of most microscopes: objective, condenser, di-
aphragm, light source, image formation. The retina acts as the recording
medium, which could also be a screen, a CCD camera or a microchip. Sev-
eral parameters are used to describe performances of an optical microscope;
among these numerical aperture (NA) and magnification are the most pe-
culiar. In particular, the magnification M is the ratio between the size of
the image at the detector and the real dimension of the object: it does not
determine itself the resolution of the microscope, but we need to introduce
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Figure 1.1: Schematics of the simplest optical microscope: light source (a com-
mon lamp) illuminates the sample after passing through collimating optics and a
beam splitter; then it is reflected by a mirror and carried out to the eye: the virtual
image perceivable by the eyes results magnified and reversed with respect to the
original object. This is due to the presence of the objective lens whose properties
determine the amount of magnification.
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Figure 1.2: Definition of the numerical aperture NA = n sin θ, θ being the half-
angle subtended by the lens at the focal point F.
the concept of numerical aperture [5], defined by the relation NA = n sin θ0;
here n is the refractive index of the medium between lens and sample and θ0
is the half-angle subtended by the lens at its focus as illustrated in Figure 1.2:
the larger the angle, the more light can be collected. The numerical aperture
is thus a characterizing concept during the assembly of a microscope [5].
In Table 1.1 we summarize the notation that will be used in the remainder
of the discussion.
f focal length
M magnification
n refractive index
NA numerical aperture
ρ radial distance
z distance along optical axis
λ wavelength
ρ˜ normalized radial distance
z˜ normalized axial distance
Table 1.1: Notation.
Here, we have inserted two normalized parameters ρ˜ and z˜ in order to
take into account the main metric reference in the object space, that is the
wavelength λ. It is a convention to define them as follows:
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ρ˜ =
2π
λ
NAρ (1.1)
and
z˜ =
2π
nλ
NA2z (1.2)
1.1 Resolution and contrast
When we talk about a microscope performance, we principally refer to con-
trast and resolution [2]. Resolution is a concept strictly related to the optical
system and its geometry. Contrast, on the other hand, is a parameter, re-
lated to resolution, which takes into account also the noise disturbance: it
characterizes real measurements by considering all the “contingent” factors
that could limit our ability to use the available resolution. Confocal mi-
croscopy is one of the ideas by which we increase contrast so that the image
more faithfully exhibits the available resolution. A confocal microscope does
have slightly higher resolution than a wide field microscope, but the great
improvement in contrast is the source of most of its success. In the next
paragraph we are going to describe the spatial resolution.
1.1.1 Spatial resolution
In order to obtain a definition of the the resolution of an optical system
we refer to a simple example. Suppose we observe the image of a point
source projected by a lens on a screen overlapping the focal plane; diffraction
coupled with aberrations in the lens will cause the image of a perfect point
to be smeared out into a blur spot occupying a finite area of the image
plane: the resulting pattern (an example is shown in Figure 1.3), p(x, y) is
called point-spread function (psf ) and defines the resel, that is the resolution
element transverse to the optical axis [6, 3]. Obviously p(x, y) is proportional
to I(x, y), the intensity map.
The point-spread function is a measure of the resolving power of an optical
system. The narrower the psf the better the resolution will be. In order to
explain this point of view, it can be useful to analyze in more detail the origin
of this function.
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Figure 1.3: Image plot of the point spread function from a spherical lens.
Point-spread function
The point-spread function is given, in paraxial approximation, by the square
of the spatial Fourier transform of the lens pupil function. The latter is
defined as the function that takes on a value of 1 inside the aperture, and
0 outside. We will show a simple classical way to illustrate this idea. We
assume the point monochromatic light source to be at infinity so that the
lens is entirely filled by a uniform light beam; because of the finite size of the
lens area, diffraction effects in the formation of the image on the screen are
expected. In the following we refer to Figure 1.4.
Let P0 ≡ (0, 0, z0) be the focal point placed on the axis of the lens; Let
P ≡ (x, y, z0), S ≡ (x′, y′, 0) be a generic point on the focal plane and on
the lens plane respectively. The distance from the point S to the point P is
given by
R =
√
(x′ − x)2 + (y′ − y)2 + z20 (1.3)
Similarly, the distance from S to the focal point P0 is
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Figure 1.4: Schematics for the derivation of the psf. Light is focused by a lens on
a screen placed in correspondance to the focal plane: the distance between them
is z0.
R0 =
√
x′2 + y′2 + z20 (1.4)
In order to calculate the image of the lens on the screen, diffraction theory
must be used; it is a scalar theory in which electromagnetic wave equations
can be decoupled in six equations which are identical for each component
of the field. For this reason a single scalar potential h(x, y, z) exhaustively
describes the system. Short of a constant the potential calculated in z0,
h(x, y, z0) is just the point spread function of the optical system [7]:
h(x, y, z0) ∝
∫∫
P (x′, y′)e−i(φ−φ0)dx′dy′ (1.5)
where P (x′, y′) is the pupil function of the lens, φ − φ0 represents the
difference of phase calculated at the point (x′, y′, z0) and is a function of x,y
too. In particular φ0 = A− 2pinλ R0 and φ = 2pinλ R for some constant A.
In paraxial approximation x, y, x′, y′ ≪ z0 the phase term is expanded to
second order in x/z0,y/z0,x
′/z0 and y
′/z0; the equation becomes
h(x, y) ∝ e−i 2pinλ x
2
+y2
2z0
∫∫
P (x′, y′)e
−i 2pin
λ
xx′+yy′
z0 dx′dy′ (1.6)
Finally, assuming the spot size to be small with respect to the distance
from screen, the exponential term in front of the integral is about unity, so
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Figure 1.5: Reduced spatial spectrum: only light rays with k⊥ <
2pi
NAλ are
focused by the lenses, the other ones are lost.
that:
h(x, y) ∝
∫∫
P (x′, y′)e
−i 2pin
λ
xx′+yy′
z0 dx′dy′ (1.7)
It is clear from the last equation that the psf of a simple lens at the
focus is proportional to the spatial Fourier transform of the pupil function.
Moreover, the integration range contains the entire spectrum of “spatial”
frequencies (x’ and y’ vary in [−∞,+∞]) but the weighting factor P (x′, y′)
is different from zero only in the lens area, causing a loss of the information
carried by higher wavenumbers.
In essence the point-spread function describes the effect of diffraction of
light in propagation across space, and ultimately the reduced spectrum of
the transmitted spatial frequencies.
The finite size of the lens pupil limits the spatial frequency response of
the system: in particular, as shown in Figure 1.5, some rays don’t reach the
lens and so the corresponding plane waves propagate in space without being
focused. In this way, high frequency components are lost and therefore the
reduced transmitted spectrum of spatial frequencies is not able to accurately
reconstruct the original point source; hence the image of the point will appear
as a finite size blurred spot.
For a complete discussion of the derivation of the general point-spread
function, I refer to [8]; here we simply report results for the psf in paraxial
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Figure 1.6: Plot of renormalized psf functions for a spherical lens: (a) transverse
psf (Airy function); (b) axial psf.
approximation for a spherical lens. The more useful quantity in most optical
systems is the intensity of light which, as already mentioned, is proportional
to the psf :
I(x, y, z = z0) ∝ p(x, y, z = z0) ∝
[
2J1(2πρ˜)
(2πρ˜)
]2
(1.8)
where ρ˜ is the parameter already defined in Table 1.1. This result refers
to the focal plane of the lens; J1(2πρ˜) is the Bessel function of the first kind,
while the entire functional form in brackets is known as the Airy function for
a circular aperture. A plot of (1.8) is visible in Figure 1.6 a.
Equation (1.8) represents the main result of providing paraxial approxi-
mation and small numerical aperture as hypothesis.
Since the general form of the function is unchanged, the main difference
between this approximation and the real one is that dark fringes never quite
go to zero and that the width of the point-spread function is a bit more than
the model predicts. The resel, mentioned above, is defined here as half the
separation of the first dark fringes. The central portion, one resel radius, is
the Airy disc. The radius of the first dark fringe is
ρ˜resel = 1.22π (1.9)
or
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Figure 1.7: Surface plot of the complete psf, p(ρ˜, z˜), from a spherical lens.
ρresel = 0.61
λ
n sin θ
= 0.61
λ
NA
. (1.10)
1.1.2 Axial resolution
Up to now, we have discussed only the lateral resolution. Another important
issue regarding optical microscopes is the axial (z-axis) resolution [6, 3], that
is measured along the optical line of the system; in fact, a perfect point is
smeared out in all directions, so that its image is a 3D blurred spot. This
helps to conclude that the psf is a three dimensional distribution, p(z˜, ρ˜)dρ˜dz˜.
In order to define axial resolution, one should consider planes parallel to
the focal plane and, by calculating the projection of the psf for each plane,
derive an intensity distribution along the axis (ρ = 0). In particular the
integrated intensity in every transverse plane is the same. This means that∫
∞
0
p(z˜, ρ˜)dρ˜ (1.11)
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is constant for any z˜, that is every plane parallel to the focal plane makes
an equal contribution to this integral, not surprising since the same energy
flux passes each plane. Calculations made on this point show that the form
of axial psf along z is similar, in the paraxial approximation, to:
p∗(z) =
(
sin(z˜/4)
z˜/4
)2
(1.12)
In Figure 1.6 b a plot of the lateral cross section of the axial psf is shown,
while a complete surface plot of the 3D (paraxial) psf is visible in Figure 1.7.
Axial resolution can be defined by the minimum distance between two
points along the optical axis of the microscope, whose diffracted images can
be still seen as two distinguished ones. The position of first minima of the
psf along optical axis are given by:
zmin± = ±1.57λn
NA2
(1.13)
Rayleigh criterion
0.735
notresolved resolved
x x
Figure 1.8: The Rayleigh criterion: two points are resolved if the first diffraction
minimum of the image of one source point coincides with the maximum of another.
The “dip” is 73.5 % of the maximum intensity.
Resolution criteria are important working guidelines during the set up
of the optical system. Here we report the most common one: the Rayleigh
criterion [3, 7]. It states that two point sources are regarded as just resolved
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Figure 1.9: Image plot of the Rayleigh criterion. Two diffracted point sources
are imaged for different distances between them. The resolution limit is when one
central peak of the first point-spread function falls at the position of the first dark
fringe for the second diffraction pattern (d) When the central peaks overlap, the
two objects look like one.
when the main diffraction maximum of one image coincides with the first
minimum of the other. Figure 1.8). In other words, we can determine the
resolution limit with the Airy disk equation above.
In particular, two points placed at a distance equal to the Airy radius
respond in intensity as
I(ρ˜) =
∣∣∣∣J1(ρ˜− ρ˜resel)(ρ˜− ρ˜resel) +
J1(ρ˜+ ρ˜resel)
(ρ˜+ ρ˜resel)
∣∣∣∣
2
(1.14)
Here the central point I(0) = 0.735 Imax. The Rayleigh criterion is there-
fore often stated in the form: “two points of equal brightness can be distin-
guished if there is a 26.5% dip in intensity beetween them”.
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Depth of field
The depth of field of a microscope is an estimate of the depth of the image; it
is measured by translating the specimen along the optical axis: the distance
between the focus plane and the one where the image appears to be very
confused approximates the depth of field.
To give an estimate of minimum axial resolution, we use again the diffrac-
tion image of an infinitely small point object and ask for the location of
the first minimum along the axis of the microscope. That separation (first
minimum to first maximum) is the same parameter suggested by Rayleigh’s
Criterion for lateral resolution:
δ =
1
2
(zmin+ − zmin−) (1.15)
In conventional optical microscopes, the accurate measurement of the
depth of field is a difficult task, because the light, which is scattered by
objects out of focus, is, however, collected by the detector. We are going to
show that this problem is greatly reduced by using a confocal microscope. In
order to better clarify the enhanced capabilities of a confocal arrangement,
we are going to define the contrast which is the other important parameter
for characterizing the quality of an image.
1.1.3 Contrast
Up to now the discussion concerned only the resolution of a microscope. In
this way, we have neglected the final desired products of a microscope that
are the magnified images.
For the purpose of this introduction, we assume that any microscopic
image is just the sum of the blurred images of individual point objects that
make up the sample under investigation. In particular, our ability to image
small features in a microscope is limited at the very least by the action of
diffraction. Therefore, point objects can be thought of as features smaller
than the smallest details that can be transmitted by the optical system (that
is related to the width of the point-spread function). The final image is
merely the sum of all the point images.
Furthermore, human eyes or artificial detectors can perceive the image
features only if the the arrays of recorded pixels display contrast[9, 10, 6].
In fact, something in the sample must produce changes in the intensity of
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the detected radiation: the different response of object points correspond
to a different value on image pixels; these spatial variations may be due to
structures that are partially or fully opaque or reflecting, or also to features
which affect the phase of the light passing through them.
Contrast can be defined in many ways but usually it involves a measure-
ment of the maximum variation of the image signal intensity divided by its
average value:
C =
∆I
I
=
Imax − Imin
Imax + Imin
(1.16)
We can express the same quantity as a function of the number of pho-
tons involved in the detection mechanism: if nb is defined as the number of
photons incident on the brightest portion of the image and nd the same one
corresponding to the darkest part of the same portion and if, finally, navg
is the average number of photons collected by the sensor, contrast can be
written as:
C =
(nb − nd)
2navg
(1.17)
Two factors can contribute to modify the above formula: the optical
system (i.e. all the objects light encounters in its path) and the noise. We
briefly discuss both of them.
Optical Transfer Function
The relation between contrast and resolution can be described by the Optical
Transfer Function (OTF) [3, 9]. In the previous section we have discussed
the origin of the psf due to the presence of a lens in the optical path. Now
we briefly come back to this point showing a plot of the OTF for such a
system. In particular, the OTF is defined as the Fourier transform of psf, or
the spatial spectrum of it.
O(kx, ky) ∝
∫∫
|h(x, y)|2 e−i(kxx+kyy)dxdy (1.18)
In other words, it represents exactly the contrast that an object produces
in the image as a function of its size; in Figure 1.10 the OTF is plotted as
a function of wavevector k (or its inverse λ˜, referring to the size of objects):
the larger k the smaller contrast is exhibited; this mean that small features
19
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Figure 1.10: Optical Transfer Function: the smallest details (i.e. the highest spa-
tial frequency) exhibit the lowest contrast in the final image. Rayleigh resolution
corresponds to the point where the OTF has dropped to 23.5%.
are less bright with respect to the entire image brightness; the dotted lines,
for example, correspond to a spacing as large as the Rayleigh resolution:
OTF calculated in this point is exactly 0.235% that is the refence value for
resolving two points.
From OTF we can argue that there is always a loss of contrast during the
imaging process. The performance of the entire imaging chain is merely the
product of the OTF curves defining all the individual processes (see also the
scheme illustrated in Figure 1.11:
OTFsystem = OTFlenses ×OTFtransmission ×OTFsensor (1.19)
Because the OTF always drops at higher spatial frequencies, the OTF
of an image having passed two processes will always be lower than that for
either process by itself. In other words, small features that have low contrast
become even less apparent as they pass through each successive stage from
the structures in the object to the image on the recording device.
20
O
T
F
Wavenumber
O
T
F
Wavenumber
O
T
F
Wavenumber
OTFof each,
individual stage
Cumulative OTF
Lenses Sensor
O
T
F
Wavenumber
O
T
F
Wavenumber
O
T
F
Wavenumber
+ +Trasmission
Figure 1.11: The scheme illustrates the degradation of the contrast due to the
cumulative effect of the optical system: each element of the system contributes
with its own OTF (top) to narrow the global OTF (bottom).
Noise
The photodetector is a device that measures the photon flux (or optical
power). Ideally, it responds to a photon flux Φ by generating a proportional
electric current ip ∝ Φ. Actually, the device generates a random electric cur-
rent i whose value fluctuates above and below its average, ip. These random
fluctuations, which are regarded as noise, are related to several different pro-
cesses: photon noise, photoelectron noise, gain noise, receiver circuit noise,
thermal noise [11, 12]. We can here synthesize their origin briefly:
• Photon Noise or Quantum Noise is the most fundamental source of noise
and is associated with the random arrival of the photons themselves
(which are usually described by Poisson statistics);
• Photoelectron Noise is related to the quantum efficiency of the detector:
randomness in the process of carrier generation represents a source of
noise;
• The amplification process that provides internal gain in some photodetec-
tors is random. Gain Noise takes its origin from this mechanism;
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• The various components in the electrical circuitry of an optical receiver,
such as resistors and transistors, contribute to the Receiver Circuit
Noise;
• Thermal Noise (or Nyquist Noise) is the electronic noise generated by the
thermal agitation of the charge carriers (usually the electrons) inside
an electrical conductor at equilibrium.
Noise is the mechanism that ultimately determines visibility. The irre-
ducible limit on noise is that due to the random arrival times of the photons,
the photon noise . If the detector gives such a quantum-limited signal, the
noise is proportional to the square root of the average number of photons,
that is to say, the number of photons captured from each detector pixel. So
we can write for the signal:
S ∝ nb − nd (1.20)
and for the noise in pixel,
N ∝ √navg (1.21)
So the pixel signal-to-noise ratio is
SNR = (nb − nd)/√navg = C · √navg (1.22)
The number of photons depends ultimately on the illuminating power
and the efficiency of the collection optics.
Noise decreases with averaging, so I must also define the size of the object
“element” that the n’s come from. The image is divided into pixels for
purposes of measurement. These are not the same as resels, which come
from the optics, but rather they are the divisions of the measuring device.
In order for the image to reproduce the object faithfully there must be at
least two pixels per resel in every dimension. That requirement is known as
the Nyquist criterion, and applies generally to any sampling process. The
pixel needs to be large enough to smooth the noise, but small enough not to
degrade the resolution. We intend to come back to this point in the following,
when we will talk about digitization of the image.
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axialresel units radial resel units
axial psf radial psf
Figure 1.12: Point-spread functions p(0, z˜) and p(ρ˜, 0) calculated for an objective
lenses (NA = 0.9) illuminated by a gaussian beam, for three ratios of the the pupil
size (ω) to the gaussian beam diameter D (D = 2.5ω, D = ω, D = 0.5ω). At
D = ω the pupil radius equals the width of the beam profile, so 86 % of the
energy gets through the pupil. If the ratio increases, i.e. the beam underfills the
pupil, more ratiadion passes through the lens, but this is paid with a decrease in
resolution both axial and radial. [6]
1.1.4 Point-spread function and gaussian beam
The concept of numerical aperture and of the psf mentioned above assumes
that the pupil of the objective lens limits the light. That means that the
illumination overfills the pupil with a uniform irradiance. Laser illumination
usually does not meet these criteria. A laser beam has a Gaussian cross
section in intensity, and is specified by its half width. If such a beam underfills
the lens pupil, it will be focused to a beam waist that is Gaussian in cross
section. A partially filled pupil will produce a mixture of the Gaussian and
diffraction patterns. Then by underfilling the pupil we can avoid all the
complexity of the diffraction pattern and get much more light through, but
we pay a slight decrease in resolution. Figure 1.12 demonstrates this for
different numerical apertures and different widths of the gaussian profile.
1.2 Confocal microscopy
As mentioned before, confocal optical microscopy [4, 3, 13, 6, 14] is prin-
cipally a technique for increasing the contrast of microscope images. The
invention was pioneered by Marvin Minsky, in 1957; his first patent per-
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Figure 1.13: Schematics of the simplest confocal microscope in a transmission
geometry.
formed a sample image construction by illuminating only one point at a time
and by avoiding most of the unwanted scattered light: in other terms, con-
focal microscopy increases contrast by filtering the light that is not desired:
the field of illumination is limited by spatial filters (pinholes) positioned on
the microscope axis. The entire image is reconstructed by collecting the light
filtered (i.e. by a detector) and by scanning the specimen by a moving stage.
1.2.1 Confocal principle
The basic setup of a Confocal microscope is summarized in Figure 1.13. The
light source is filtered by a first spatial filter (pinhole I) and then brought to
a condenser (C) who takes care of focusing it in the focal point (F). Here the
sample is positioned, which can be moved so to be scanned for imaging. The
light scattered at the point F is recollected by a second lens, the objective
O, towards the detector, to be recorded. Between objective and detector a
second pinhole is inserted, in order to reject rays that don’t originate directly
from the focal point.
For a simple way to understand such mechanism, we refer to Figure 1.14:
light from the focal point of the first lens is focused to the focal point of
the second; red lines represent this case, instead green ones refer to light
from another point B in the sample, different from the focal point, F. The
aim of the confocal microscope is to see only the image of the red point (F).
Accordingly if a pinhole is placed in correspondence of conjugate point F’, all
light from the red point will pass through the pinhole, but all the points out
of a small volume (confusion volume) are forced not to pass through the filter.
As previously said, the price for this arrangement is that the instrument can
24
pinhole
F
B
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Figure 1.14: The most important feature of a confocal microscope is the ca-
pability of isolating and collecting a plane of focus from within a sample, thus
eliminating the out of focus light which normally is not filtered, by means of a
pinhole.
observe only one point at a time.
Confocal resolution
Now we can move to estimate the resolution for a confocal microscope [6, 3].
The setup is ultimately composed by two lenses and two pinholes. A couple
lens-pinhole contributes to the psf just as we have seen in the first section
of this chapter. When a new similar couple is added to the optical system,
it contributes to the global psf with an identical factor. So the entire three-
dimensional point spread function is simply the independent product of the
psf s of the isolated systems:
pconf (ρ˜, z˜) = p1(ρ˜, z˜)× p2(ρ˜, z˜) (1.23)
The important outcome is that the final functions appear squared, in
particular the psf appears to have a sharper shape. The main consequence
is a change in resolution parameters: the transverse resel becomes:
ρresel = 0.44λ/n sin θ = 0.44λ/NA (1.24)
and, for the axial resolution:
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Figure 1.15: The function pconf (ρ˜, z˜) for the confocal case is shown on the right.
The left is a repeat of p(ρ˜, z˜) already shown in Figure 1.7.
zmin =
1.31λn
NA2
(1.25)
These parameters must be compared to the previous ones: ρresel = 0.61λ/NA
and zmin =
1.57λn
NA2
.
In other words, confocal microscopy improves performances by artifi-
cially reducing the diffraction limits by inserting one pinhole in the detection
step.We can summarize the global process of image formation into three
steps:
• The field is brought to the diffraction limits on the object plane (excitation
psf : p1(ρ˜, z˜));
• Light interacts with the object (ǫ(ρ˜, z˜));
• Transmitted (or reflected) radiation is collected by the photodetector (de-
tection psf : p2(ρ˜, z˜)).
And finally, the intensity collected is:
I(ρ˜, z˜) ∝ p1(ρ˜, z˜)× ǫ(ρ˜, z˜)× p2(ρ˜, z˜) (1.26)
26
1.2.2 Illumination
Illumination in an optical microscope includes anything that can shine pho-
tons on the object [15, 16, 6]. This includes sources as hot filaments, arc
lamps, LEDs, LASERs; they can operate with wavelengths in a wide range;
nevertheless other coherent or incoherent light can be provided.
Lasers have some unique properties which make them an ideal light source
for use in confocal microscopy: they have high radiance and are monochro-
matic, they show small divergence angle, and high degree of spatial and tem-
poral coherence. Coherence phenomena could, a priori, lead to differences
in imaging due to effects of unwanted interference: this can generally cause
troubles because speckles formation can worse the image quality. Conven-
tional microscopes generally use incoherent illumination, and are analyzed
accordingly. Confocal microscopy, concerning only one spot at a time, can-
cels all interference effects among various scattering sources (there is only
one source), so, without loss of generality, light sources can be treated as
incoherent. A consequence of this is that there can be no speckle effects with
a scanning laser image, hence, speckles are not a problem in confocal mi-
croscopy. Moreover, chromatic aberrations, which often represent a problem
for lenses in imaging systems, are completely canceled by using a monochro-
matic laser source. Another issue has to do with the stability of the source:
temporal and positional variations in the laser beam can result in unwanted
effects during the imaging process. For this reason, solid state lasers are
appealing choices, for they are cost-effective and ensure compactness, high
powers and intensity stability.
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Chapter 2
Terahertz imaging
In the previous chapter, we discussed about optical microscopy, with partic-
ular attention to the confocal arrangement; now we intend to analyze image
processing which is, without doubt, the most important task to be performed
in conjunction with the microscope operation, for the device is used in order
to see magnified images of small objects. There are various ways of recon-
structing images, but all of them are based on the same process: light passes
through a sample (or is reflected by one) and changes its original shape, in-
tensity, polarization and phase due to its interaction with the matter that
constitutes the sample; then, the radiation brings some information concern-
ing the structure of the sample investigated, which can eventually be recorded
and decoded by means of a detection system.
Therefore, one of the most important differences among the various kinds
of imaging systems is related to the configuration of the detection scheme: for
instance, the process that is used for taking pictures uses an array of photo-
receptors that can record each point of the image in a single moment. In this
case, speed is what is aimed at and, therefore, this system is the most suitable
choice, since it is giving the fastest results. However, such detector arrays
are not always available or, depending on the choice of the whole imaging
system, are not particularly useful, as it is the case, for example, with a
confocal setup. A second way of processing images, which is quite common,
uses a scanning system that records the image point by point; consequently,
the process of reconstructing the images takes more time.
Radiation sources and detection systems are key parameters to be care-
fully chosen, as they influence most of the instrument performances (res-
olution, contrast, recording speed, etc.). The main target of this work is
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Figure 2.1: A diagram of the electromagnetic spectrum showing the range of
wavelengths and frequencies corresponding to each region. Arrows put in evidence
the terahertz gap.
to create a confocal microscope which exploits a laser source emitting at
frequencies in the Terahertz range: we start then by introducing recent tech-
nology advances in this field with an overview on the most common methods
to produce and reveal low energy radiation.
2.1 Terahertz radiation
Terahertz (THz) radiation embraces a part of the electromagnetic spectrum
whose wavelength lies between the microwave and infrared regions; there is
not a standard definition, but generally the THz range is assumed to cover
the region from 0.1 to 10 THz, or in terms of wavelength the interval from
30 µm to 3 mm. Although our life is naturally filled with THz radiation
from thermal blackbody emission, it still remains one of the least explored
region of the electromagnetic spectrum. Human eyes cannot perceive any
component which does not belong to the restricted window of the visible
range (400 to 800 nm) and, therefore, light-matter interaction is the only
way to detect THz rays. Technical difficulties in creating efficient, compact
and inexpensive radiation sources or detector systems have resulted in a
slow development of THz technology; the lack of available devices has then
historically given origin to the name of “THz gap”.
Fortunately, during the last two decades something changed: many new
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techniques were invented and, consequently, new ideas motivated scientists
to explore a world which had been largely ignored; remote sensing, security
controls, biomedical applications, imaging and spectroscopy are only a few
examples of the fields that have received improvements from the research on
THz.
2.1.1 THz Sources
There are various ways to generate THz radiation, but they don’t always
have suitable costs or significant efficiencies.
Up to ten years ago, non linear light-matter interaction (frequency up
conversion, difference frequency generation), photo-conductive emission from
antennas (accelerated charges in time varying currents provide radiated elec-
tromagnetic waves), optical rectification of ultrashort pulses (a femto-second
pulse can generate a broad spectrum ranging from 10GHz to 10THz) were
the main phenomena exploited in order to generate THz radiation. More
recently [1], quantum cascade lasers operating at THz frequencies have been
achieved with promising further developments aiming at compactness, inte-
gration and efficiency.
Quantum Cascade Laser
Ordinary semiconductor lasers involve radiative recombination between elec-
trons in the conduction band and holes in the valence band, thus providing
photon production; consequently, the band gap mainly determines the emis-
sion wavelength. Diode lasers (based on pn junctions) with quantum well
(QW) active regions are the most popular devices belonging to this group.
Given the fact that the minimum allowed transition matches the energy gap
Eg, this kind of technology did not seem to be appropriate for aiming to mid-
or far-infrared lasers. However, since the eighties new ideas such asMolecular
Beam Epitaxy [17] and Band-Gap Engineering [18], have been developed,
resulting in the creation of powerful techniques for designing and realizing
new semiconductor artificial materials, thanks to the extraordinary precision
in the growth of heterostructures with properties chosen by design.
Quantum cascade lasers are indeed semiconductor injection devices real-
ized in a suitably engineered heterostructure, and they differ in a substantial
way from usual semiconductor lasing systems: in fact, quantum cascade lasers
rely on intersubband transitions of only one type of carrier (i.e. electrons in
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Figure 2.2: Conduction band diagram when a zero (a) or a different from zero
(b) bias voltage is applied: each period of the multistage active region consists of
an active region followed by a relaxation-injection zone: electrons undergo inter-
subband transitions (from subband 3 to subband 2), where photons are emitted,
then electrons tunnel to the next period of the structure and the process repeats.
Electron wave functions are repeated in each period of a three quantum well QCL
active region.
the conduction band) which take place between quantized levels arising from
the artificially designed profile of the conduction band in the growth direc-
tion. Such intraband emission lines are very narrow (quite similar to atomic
transitions) and depend only indirectly on temperature by means of scat-
tering processes. The typical “sawtooth” shape of the conduction band is
shown in Figure 2.2 a: here two identical stages are clearly visible (usually
the number of such modules in a QCL is in a range from 15 to 100) and
each of them is formed by a sequence of quantum wells (active region) and a
separation zone (relaxation+injection region) providing a gradual change of
the material composition (usually in a digital form, through an appropriate
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superlattice structure).
When a bias potential different from zero is provided to the device, the
cascading geometry of the structure becomes evident (Figure 2.2 b: electrons
that contribute to radiative transitions (from subband 3 to subband 2), are
removed by LO (longitudinal optical) phonon emission to level 1 or by means
of tunnelling through the barriers. They are then injected again in a new
stage and thus recycled for a new radiative transition. Population inversion
and gain are obtained by optimization of the relaxation time, the transition
strength and the tunneling times, which can be artificially controlled by
carefully operating on the design of the band structure.
Theoretical studies [19] estimate the peak gain in a single stage to be:
G =
4πq2
ǫ0nλ
z2ij
2γijLp
(ni − nj) (2.1)
where q is the electron charge, λ is the emission wavelength, n is the
mode refractive index, 2γij is the full width at half maximum (FWHM) of
the transition in energy units, as determined from the luminescence spectrum
(spontaneous emission), zij is the dipole matrix element, nj and ni, are the
sheet electron densities in subband j and i and Lp is the length of a period
of the active region. The peak modal gain Gp is defined as Gp = GΓ , where
Γ is the confinement factor of the waveguide. The total gain considering the
whole multistage geometry is then roughly proportional to the product of
the number of periods Np, with a clear gain in performances.
The first demonstration of a quantum cascade laser operating in the mid-
infrared region was reported in 1994 [20]. For the purpose, the multistage
gain region was inserted in a dielectric optical waveguide designed for the
laser operating wavelength and made up of semiconductor layers of different
composition and doping.
Terahertz quantum cascade laser
The energy of the subbands involved in QCL transitions can be controlled by
modifying the width of the quantum wells, and, in principle, no limitations on
emission wavelength are imposed. Despite the promising starting point, the
demonstration of the first quantum cascade laser emitting at THz frequency
represented a very hard target to reach. Several reasons were identified to
explain these difficulties: first, artificial control on the electron relaxation
time, which controls population inversion, relies on the scattering between
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electrons in the conduction band and optical phonons. Very fast non radiative
depopulation rates (in the order of 0.1 ps) are achieved thanks to resonant
transitions, but longitudinal-optical phonon energies are usually more than
30 meV (ELO=36 meV for GaAs). Therefore, if the transition energies are
well below such value, this process cannot be employed to selectively deplete
only one of the lasing subbands. Moreover, the classical way to confine
radiation is based on the dielectric mismatch at interfaces which becomes
problematic at THz frequency: in fact, the doped materials in the structure
suffer free carrier absorption losses which grow with radiation wavelength
and, more importantly, the required thicknesses also grow to the point to
being impractical.
The first demonstration of a THz QCL was reported in 2002 [1]: it was
achieved by means of a new type of metallic waveguide and of an active
medium based on a chirped superlattice technology.
a) b)
Figure 2.3: a) Self-consistent calculation of the conduction band structure of a
portion of the layer stack in the waveguide core of the first THz QCL. Injectors
and superlattice (SL) active regions are alternating. The moduli squared of the
wavefunctions are shown, with miniband regions represented by shaded areas. The
optical transition takes place across the 18 meV wide minigap between the second
and first miniband (states 2 and 1) and, being vertical in real space, presents a large
dipole matrix element. Carriers are injected into state 2 via resonant tunnelling
from the injector ground state labelled g. b) Waveguide design principle and
radiation mode confinement: intensity mode profile along the growth direction of
the final device structure. [1]
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The superlattice concept refers to the possibility of creating an artificial
crystal in the device exploiting a periodical structure induced by means of
alternating layers made from different semiconductor materials. The strong
overlapping between the electronic wavefunctions produces the formation of
small minibands inside the staircase profile of the conduction band (when
a bias potential is applied). Radiative transitions, then, take place between
the bottom of the upper miniband and the top of the lower one, and pop-
ulation inversion is readily achieved because intraminiband relaxation times
are faster than interminiband ones.
As mentioned above, the main technological problem to overcome was
dealing with the electromagnetic confinement. Previous works aiming at ex-
tending the performances of mid-infrared QCLs to longer wavelengths relied
on surface-plasmon based waveguides: surface plasmons are electromagnetic
waves which propagate along interfaces between materials having dielectric
constants of opposite sign. They have maximum intensities at the interface
and decay exponentially away from the interface in the two materials. As
reported in [21] this solution works well up to 24 µm wavelength, but in the
THz region fails due to the very small overlapping of the optical mode and
a active zone of reasonable thickness.
The waveguide developed for the first THz QCL exploited 104 periods of
a superlattice active material grown on a thin (800 nm) n-GaAs layer which
had been grown on an undoped GaAs substrate. A suitable doping choice
can modify the dielectric constant of the doped layer in order to ensure the
formation of a surface plasmon at its interfaces. Moreover, the metallic con-
tact on the surface of the superlattice also induces the formation of another
surface plasmon. In this way, the two decaying plasmon modes merge in the
active zone ensuring a increased optical mode confinement, which, as shown
in the simulation of Fig 2.3 b can reach about 40 %. [22]
Further developments of QCL technology have been carried out in order
to aim at improving high temperature performances, continuous wave oper-
ation, extending the wavelength range [22, 23]. Among the new ideas that
have been tested, the bound-to-continuum (BTC) [24, 25] design is a pre-
vailing one as it achieves good high temperature performances (lasing action
above 100 K) without major losses in efficiency.
Briefly the BTC is an evolution of the superlattice concept: it simplifies
the design of the injection zone with a better coupling between the injection
miniband and the upper state of the next stage. The latter behaves as
a kind of “defect” state: the radiative diagonal transition strength drops
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slightly, but the upper state lifetime increases and non radiative scattering is
consequently reduced. However, THz QCLs are still making further progress
in aiming at higher emission powers and higher temperature operation (up
to now limited to below 200 K [26]).
The QCL of the experiment
The THz confocal microscope of the present experiment exploits a QCL
that is the result of a collaboration between the NEST Laboratory and the
Cambridge Cavendish Laboratory [27].
The sample (A3914) has an optimized bound-to-continuum design in or-
der to aim at high injection efficiency. Figure 2.4a shows the profile of the
conduction band of the device: the upper laser level consists of a single iso-
lated subband, while the lower state lies at the top of a group of closely spaced
subbands spanning an energy range of 12 meV . The laser transition takes
place between states 8 and 13 and corresponds to an emission frequency of
2.9 THz. The structure was grown by MBE: the 110 periods multistage ge-
ometry was embedded in a low loss and low confinement waveguide relying
also on the presence of a metallic layer below the substrate.
Figure 2.4b shows the light-current characteristics of the device, as mea-
sured at different temperatures. The output power of the device, when driven
with 200 ns current pulses at a duty cycle of 5% and at 8 K, is in excess of
20 mW.
2.1.2 THz Detectors
The detection schemes are classified into two big categories, according to
whether the response to radiation is coherent or not: the fundamental differ-
ence is that coherent detection measures both the amplitude and phase of the
field, whereas incoherent detection measures only the intensity. Coherent de-
vices are associated to most of the generation techniques already mentioned,
which exploit correlated effects and rectification of ultrafast optical pulses.
However, THz sensing still suffers a lack of room-temperature, sensitive,
high-speed technologies: for this reason together with the fact that they
respond to radiation over a very broad spectral range, thermal sensors, are
still commonly used. A common element among all thermal detectors is the
radiation absorber attached to a heat sink: radiation energy is recorded by
measuring the temperature increase in the absorber. The absorber is chosen
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Figure 2.4: (a) Conduction band structure of the 2.9 THz QCL under an av-
erage electric field of 1.5 kV/cm. The layer thickness (in nm) are from left
to right, starting from the injection barrier 3.5/8.7/0.5/20.2/0.7/18.5/0.6/17.0/
0.8/14.0/2.6/14.9/3.3/14.6/4.2/13.8, Al0.15Ga0.85 As layers are in bold face and the
14.9 nm well is n-doped to 1.7x1016 cm−3. (b) Light-current characteristics of a 2.5 mm
long and 310 µm wide laser from sample A3914 recorded in pulsed mode.
so as to ensure low heat capacity so that the heat flux can produce acute
temperature changes. The most popular devices that work in this way are
bolometers, pyroelectric detectors and Golay cells. Each type is distinguished
by its particular arrangement aiming at measuring the temperature increase.
Furthermore, different needs lead to different detector choices : for instance,
if more sensitivity is required, cryogenic bolometers should be employed in
the setup.
Here, we are going to discuss only briefly the main characteristics of each
different type.
Bolometer
A bolometer is a thermal detector which exploits a material whose resistivity
is sensitive to temperature changes (typically, heavily doped semiconductors
like Ge, Si). Usually, it is a cryogenic detector which operates at or below
Liquid-He temperature in order to ensure high detection sensitivity. The sub-
strate is connected to a heat sink by heat conducting wires: the temperature
increase induces a change in the thermometer resistance, which is detected
by measuring the change of electrical signal across it [28].
An important characteristic of a bolometer is the responsivity RV ,which
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Figure 2.5: Schematic diagram of a typical composite bolometer. Key compo-
nents and their functions are illustrated. The heat sink is kept at a temperature
TS . The thermometer is characterized by the temperature-dependent resistance
R. C is the heat capacity of the absorber/substrate/thermometer unit. TB is the
substrate temperature. G is the thermal conductance of the heat conducting wire
connecting the substrate to the heat sink. The bias V varies to keep the current
I, flowing through the thermometer, constant.
is defined as the voltage changes across the thermometer upon incident ra-
diation with one unit of power. Thus its SI unit is V/W .
With reference to the schematic circuit shown in Figure 2.5, G is the con-
ductance of the material and C the electric capacitance. Moreover, thermal
properties of the substrate are critical: low thermal conductivity and low heat
capacity are preferable. A typical - and highly efficient - absorber/substrate
assembly contains a thin metal film deposited on a thin crystalline dielectric
substrate. To maximize detection sensitivity, the absorber area needs to be
minimized.
The responsivity of a typical Si bolometer is as large as 107 V/W at L-He
temperature. The noise equivalent power (NEP), which is the radiant power
needed to generate a signal equivalent to noise, can reach 10−14 W/Hz 1/2.
The bolometer used as a detector for our confocal microscope (see Figure
2.6 is a composite germanium bolometer designed for operation at cryogenic
temperatures near 4.2 K. Technical specification are listed in Table 2.1.
The bolometer incorporates a germanium thermistor (the small vertical
bar in the centre of the structure - it is less than 1mm long) attached to a
metallic absorber which is in turn deposited onto a thin silicon nitride (SiN)
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Figure 2.6: Germanium bolometer employed in the confocal setup of the present
work: the bolometer (a) and the Winston cone in cryostat (b) are on the left. The
picture on the right shows the external tower of the He cryostat (c).
Technical specifications
Detector electrical responsivity 20 kV/W
Detector optical responsivity 10 kV/W
Detector electrical (NEP) < 1pW Hz−1/2
System optical NEP < 2pW Hz−1/2
Useful frequency range 90 GHz (3 mm) to 30 THz (10 um)
Frequency response (-3dB) approx. 200 Hz (Time constant 1 ms)
Operating resistance 200 to 500 kOhm
Operating temperature 4.2 K
Table 2.1: Ge bolometer: technical specifications.
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Figure 2.7: Schematic diagram of a Golay cell and optical system to measure
small displacements of the membrane.
support substrate. The SiN has a very low thermal conductivity at cryogenic
temperatures and serves to isolate the thermistor and absorber from the cryo-
genic environment. The bolometer is most commonly mounted in an optical
integrating cavity behind Winston Cone coupling optics along with low-pass
filters which ensure that unwanted higher frequencies are efficiently rejected.
It is important that the field of view of the coupling optics is matched to the
incoming beam geometry. The system uses a high performance, wideband,
low noise, rechargeable battery powered preamplifier designed specially for
being used with Germanium bolometers. A low noise JFET at the input
stage ensures that the amplifier noise contribution does not dominate the
system noise performance.
Golay cell
The Golay cell is a thermal detector with a nearly uniform energy response
from the ultraviolet to the microwave region that has been widely used in
the THz field. The detector consists of a gas-filled cell enclosed by two
thin membranes. The incident radiation is absorbed by an aluminum layer
deposited on one membrane, with the metal film thickness chosen for a surface
impedance yielding maximum absorption of radiation virtually independent
of spectrum (see the scheme reported in Figure 2.7). The absorbed radiation
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heats the gas in the cell with an attendant pressure increase which distorts the
second flexible membrane. The distortion is sensed by a photodetector cell,
which detects a light beam reflected from the membrane. The intensity of
the light incident on the photodetector depends on the deflection of the beam
caused by the membrane distortion. In Table 2.2 the technical specifications
of the Golay Cell (Microtech Instrument) employed for various measurements
in the present work are reported.
Technical specifications
Responsivity at 12.5 Hz modulation 104 V/W
Sensitivity at 12.5 Hz modulation 10−8 W/H1/2
Maximum modulation frequency 50 Hz
Dynamic range 100 nW - 1 mW
Rise time 25 ms
Maximum output voltage 3.0 V
Input window diameter 6 mm
Dimensions 135 x 115 x 120 mm
Temperature operating range +15 to +25 ◦ C
Pressure operating range 8.4 x 104 to 10.7 x 104 Pa
Humidity range 45 -80 %
Table 2.2: Golay cell: technical specifications.
For the very low dynamic range, the Golay cell should be used with
caution up to the milliwatt level. Moreover, since the Golay cell is operated
at room temperature and is very compact, it has been used widely in many
applications although it is often not the best option because of its rather long
time constant. The response time is, in fact, determined by the rate of gas
expansion and physical motion of the membrane, so that a minimum time
constant of about 20 ms is observed.
Pyroelectric
The pyroelectric detector is a thermal detector which responds to a temper-
ature rise induced by absorbed radiation through a net change in surface
charge.The pyroelectric effect is observed in noncentrosymmetric crystals
having a unique axis along which spontaneous electric polarization is ex-
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Figure 2.8: Schematic diagram of a pyroelectric detector: THz radiation induces
an abrupt change in the internal dipole moment resulting from the temperature
change within the material; the induced charge will produce a net transient elec-
trical current in the external circuit.
hibited. The heat generated by incident radiation raises the temperature of
the pyroelectric crystal. The increase in temperature induces a reduction of
the spontaneous polarization and, simultaneously, the surface charge. The
electrodes attached to the two opposite crystal surfaces form a capacitor. If
the circuit is closed, a current flows through it to compensate the change in
the surface charge. The simple geometry of a pyroelectric detector is shown
in Figure 2.8.
2.2 Terahertz imaging
In everyday life, we deal continuously with imaging technologies: photogra-
phy, video recording, microscopy, security inspections, medical controls, just
to name a few.
Until some years ago, two major groups of imaging techniques could be
identified, which correspond to the different regions of the electromagnetic
spectrum separated by the THz gap: longer wavelengths were exploited for
rather macroscopic issues related to prevailing human activity and daily
life (airport security, quality controls, medical diagnosis and similar), while
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shorter wavelengths, where laser sources are available, offered the possibil-
ity to investigate smaller and smaller devices with more and more quality
(fluorescence, coherence tomography, confocal microscopes).
Terahertz imaging (or T-ray imaging [29]), is the latest entry in the area
of imaging technologies and is rapidly joining together the two groups of
imaging techniques previously mentioned filling the gap that had been left
between them, thanks to the new possibilities opened by recent developments
in the generation and detection of THz rays. The growth is rapid because
most of the instruments have been derived from ideas previously developed
in other contexts and, consequently, easily modified. However, new ideas
that have no analogies with other portions of the spectrum have also been
developed exclusively for the THz field.
The highest interest in THz imaging resides in new opportunities offered
by the peculiar characteristics of such radiation: THz rays penetrate deep
into non-polar and nonmetallic materials such as paper, plastic, clothes, wood
and ceramics that are usually opaque at optical wavelengths, which are ma-
terials that are frequently used for packaging and coating of daily objects.
Hence imaging devices can be thought of as instruments for non invasive
quality testing and for inspecting sealed packages [30, 31, 32, 33]. Similarly,
metal objects can also be easily identified due to their high reflectivity, which
will lead to some improvements in security applications: weapons, explosives
and illegal drugs can be easily identified even when concealed underneath
typical wrapping and packaging materials [34, 35].
Moreover, because of the high absorption of water in the THz region,
hydrated substances are easily differentiated from dried ones. This means
that certain images can exhibit great contrast and quality. In particular, the
high sensitivity of THz radiation to water is useful for medical applications
because, in a biological systems, small changes in water content could indicate
crucial defects enabling people to distinguish between damaged or cancerous
tissues, without recurring to invasive methods (obviously, because of the
high absorption of water, medical investigations are limited only to epithelial
areas) [35, 36].
Pharmaceutical science is another field which benefits from the new pos-
sibilities created by the great number of substances having fingerprints in the
THz region: innovative spectroscopic characterization of materials, opportu-
nities to prevent and detect counterfeit products, precise control of tablet
coatings and densities of inner substances have been made possible thanks
to this new technology [37, 38, 39].
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A further advantage of exploiting THz radiation resides in the long wave-
length that is involved: it is well known that one of the prevailing causes
of blurred images in inhomogeneous systems is Rayleigh scattering, which
is inversely proportional to the fourth power of the wavelength. Thus a
significant improvement of the quality of the images is expected with resp-
sect to visible and near-IR. Furthermore, the recent possibility to exploit
laser radiation at THz frequencies, helps increasing the resolution of imaging
techniques at longer wavelengths, which is the main issue to be overcome.
Laser devices permit to achieve a spatial resolution in the millimeter and
sub-millimeter region, similar to that of the human eye, in spectral regions
that were absolutely inaccessible before .
The first diffraction limited THz image, which was obtained in 1995 by
Hu and Nuss, reported images of a semiconductor integrated circuit and of
a leaf (see the reproduction in Figure 2.9).
Scanning near-field optical microscopy (SNOM) overcomes the diffraction
limit of conventional optical microscopy and allows for subwavelength reso-
lution in optical imaging. Various SNOM approaches were demonstrated.
One concept among them is to use a subwavelength aperture. In the THz
range, resolutions down to λ/10 were achieved by aperture techniques [40].
An alternative approach is a scattering configuration where the aperture is
replaced by a metallic probe that scatters the incident radiation (apertureless
near-field microscopy). Spatial resolutions better than λ/3000 were demon-
strated [41].
Figure 2.10, aiming at reviewing the main developments in THz imaging,
shows a gallery of recent results: most of the pictures have been obtained by
exploiting the technique named Time-domain Spectroscopy (TDS), probably
the most popular coherent generation-detection scheme in THz imaging.
As mentioned, several of the techniques used in THz imaging have been
borrowed from other fields and adapted, but TDS has been mainly devel-
oped for the THz field. As the name could suggest, TDS is a spectroscopic
technique in which the properties of a material are probed with short pulses
of coherent terahertz radiation. The target image is obtained by analyz-
ing the transmitted or reflected THz waveforms. Changes in the amplitude
A(x, y) and in the phase φ(x, y) of the THz pulses map out the spatial in-
homogeneity of the target that is characterized by electromagnetic functions
such as refractive index n(x, y) and absorption coefficient α(x, y). THz im-
ages captured with TDS technology contain much more information than
typical 2D colored pictures that are characterized only by a 3-level map of
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Figure 2.9: a) THz image of a packaged semiconductor integrated circuit. b)Left:
THz image of a fresh leaf. Attenuation of THz radiation through the leaf is largely
due to the water within the leaf. Right: THz image of the same leaf after 48 h.
Water has evaporated, except from the stems of the leaf. [29]
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Figure 2.10: 1) Up: A THz image of a teapot taken using a Gunn diode and
a Schottky diode detector. Down: THz TDS image of a sole of a shoe: hidden
objects inside are detected. [35] 2) (a) A visible image of a section through a
human tooth. The lesions caused by caries are highlighted by the boxes. (b) A
terahertz absorption image of the tooth decay in the enamel. The black regions
are areas of high absorption. (c) A terahertz image also reveals the enamel and
dentine layers. The image was formed from time-of-flight data, where the red and
green areas represent the longest and shortest delays, respectively. [31] 3) (a) to
(d) THz TDS image of the SD card at different time points along the pulse. (e)
Time-frequency analysis and (f) 3D reconstruction of the SD card. [34] 4) Layered
polymer tablet. The coating is visible in red at the top of both the images. The
other layers possess different structure resulting in a stronger signal response(green,
yellow, purple). [34]
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Figure 2.11: Generation of pulsed THz radiation in a photoconductive antenna.
Femtosecond optical pulses are launched on a semiconductor antenna: the move-
ment of the charge carriers and in particular their relaxation between the laser
pulses results in pulses of coherent, broadband THz radiation that are emitted
from the surfaces of the antenna.
intensity (RGB, CMYK, HSV, etc.) [42]: each pixel records the entire wave-
form (in the time domain) of the radiation scattered from the sample. The
precise knowledge of the electric field permits by Fourier transforming to ob-
tain a good spectroscopic characterization and allows the production of very
significant images, especially if the materials composing the object exhibit
characteristic fingerprints in the THz range.
In order to explain how TDS works, we refer to Figures 2.11 and 2.12.
Terahertz pulses in time domain have been obtained by exciting a photocon-
ductive antenna by means of a femtosecond optical pulse. When ultrafast
radiation invests a material, a time-dependent change in the transport prop-
erties (conductivity) is achieved. Then, an induced polarization, proportional
to the current transient ∂J
∂t
is generated between the antenna electrodes, act-
ing as a source of a new radiated pulse, now in the THz range and with a
picosecond duration; the amplitude spectrum |E(ω)|2 is quite broad, extend-
ing over more than a decade of frequency, from below 100 GHz to beyond 3
THz.
In TDS, the optical pulses are separated by a beam splitter in two paths.
One part of the radiation is directed on the THz antenna in order to generate
broad THz pulses which are first focused on the object to be imaged and are
then directed on an optically gated detector; the second part of the original
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Figure 2.12: Schematic of a typical terahertz pulsed spectroscopy configuration.
optical pulse is used for gating the detector itself (see Figure 2.12). The
detection signal is sensitive to the radiation incoming from the sample only
in the narrow time “window” set up by the length of the gating pulse. Hence,
a delay line is inserted along the path of the gating pulses in order to record
the signal for different coincidence times: the result is a sweep of the entire
field in the time domain. In other words, we determine the THz electric field
as a function of time by measuring the value of E(t) at a particular value of t,
and then repeat the measurement many times, at many other values of t. On
the contrary, if a spectral information is required it is sufficient to calculate
the Fourier-transform of the measured temporal signal. The functionality
of this idea resides in the great degree of reproducibility of identical pulses
of the train (in order to ensure the signal is effectively proportional to the
electric field).
Moreover unlike traditional Fourier-transform far-infrared spectroscopy
in which blackbody radiation is used as a source and a bolometer as detec-
tor, in TDS both generation and detection are optically gated ensuring an
extraordinary noise rejection and signal to noise ratios as high as 10,000:1.
For imaging purposes the sample is placed between a system of collimat-
ing optics, where it is moved by means of a motorized scanning stage in
order to record the individual points of the image (raster-scanned imaging).
48
a)
b)
Figure 2.13: THz TDS images of a chocolate bar constructed by (a) peak-to-peak
amplitude and (b) arrival time of the transmitted waveform. [35]
Once the data are acquired, the next task is the formation of an image. The
larger amount of information compared to usual images poses a new problem
in displaying the information captured: there are two methods commonly
employed for ensuring a full capitalisation of TDS: peak-to-peak amplitude
and arrival time. The former is a picture obtained displaying the maximum
amplitude of the waveform recorded for each point (x, y) of the object while
the latter is a map t(x, y) of the time of arrival at the detector of these
maximum peaks. Figure 2.13 from [35] shows the possibilities of the two
techniques and, at the same time, it is a clear demonstration of the versatil-
ity of pulsed THz imaging. If a chocolate bar is imaged, peak-to-peak image
is a powerful method for separating different materials (in this case chocolate
and almonds); on the contrary arrival time is useful for ensuring a discrim-
ination of different layers near the surface of the object (the letters dug in
the chocolate).
Most images reported in the gallery of Figure 2.10 are produced by TDS.
Despite the low signal generated with ultrafast pulses, this remain the most
popular scheme of THz imaging. In recent years, QCLs are entering the field
but with more standard arrangements for capturing images, all of them mak-
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Figure 2.14: a) Demonstration of the enhancement of lateral resolving power
in a confocal microscope: the terahertz image of the test phantom is shown with
widely open confocal pinhole (left) and with the confocal pinhole closed down to
a 1.2 mm diameter (right). Terahertz field line scans along the black lines of the
upper images are shown below. b) Demonstration of the enhancement of axial
resolving power in the confocal configuration: the terahertz image is produced by
a test grating placed in the focal plane (in the upper part) and at a distance from
the focal plane of ∆z = λ (lower part). Low: the line scans of the THz field along
the solid lines 1 and 2, respectively. [46]
ing use of incoherent detectors [35, 43, 44]. The larger amount of intensity in
QCLs represents a promise in aiming at extending powerful laser techniques
for imaging to the THz domain.
In this direction, confocal microscopy at THz frequencies has been imple-
mented for the first time only recently and results have been reported in two
articles [45, 46].
The work carried out by Zinov’ev and Andrianov [46] reports on a con-
focal spatial filtering applied to a common THz TDS setup for imaging. A
typical photoconductive antenna is excited by 25 fs pulses from a Ti:sapphire
laser (λ=800 nm and average incident power as high as 50 mW); the aver-
age wavelength of the resulting THz radiation is estimated to be as large as
0.5-1 mm. Three couples of parabolic mirrors are inserted in the set up as
condenser lenses. Spatial filtering has been achieved by means of a 0.6 mm
pinhole placed in front of the detector. Authors retain photoconductive emit-
ters as a source small enough to be considered as a pointlike one. Therefore
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Figure 2.15: 1) A banknote was placed in front of a polyethylene (PE) block.
Both confocal (c) and open-pinhole (d) images are shown. 2) A photograph of a
sample consisting of two PE plates, which were heated and pressed together with
staples in between. Both THz TDS (a) and confocal (b) images of the sample are
depicted. [45]
they regard the insertion of a pinhole after the source as unnecessary. In
Figure 2.14 the results of their studies, which demonstrate an enhancement
of both lateral and axial resolution are reported.
On the other hand, the second - and possibly more interesting - work,
by Sahli, Pupeza and Koch [45], reports on an imaging system based on an
optically pumped gas laser at 2.52 THz. For detection a Golay cell has been
employed. The lenses of their experimental setup are made of polyethylene
(PE) with a particular attention on choosing a high numerical aperture for
the lens which focuses the light over the sample. Two pinholes have been
inserted in the setup: a first one is placed in front of the laser source (1 mm
large) in order to ensure the cutting-off of all non gaussian modes. The
second pinhole (500 µm large) is put just before the entrance window of the
Golay cell.
Authors estimate the lateral resolution of the apparatus to be as large
as 310 µm and the axial resolution to be as deep as 400 µm. Experimental
results show a comparison between images obtained with or without the
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second pinhole: they clearly demonstrate an improvement of contrast, despite
a loss in clarity of the images due to a consistent decrease of signal. Moreover,
they remark on the very long time for capturing an image (about 2-3 s for
single pixel) Some of the results reported in the work are depicted in Figure
2.15.
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Chapter 3
Beam analysis and preliminary
tests
The profile of a quantum cascade laser normally has an irregular shape due to
the surface plasmon nature of the ridge waveguide modes. This is a relevant
issue to be addressed for getting good performances out of the microscopy
set-up since optical systems and components are normally designed for cir-
cular symmetry and gaussian beam shapes. Hence, well-made pinholes and
lenses are key ingredients for a confocal microscope. For this reason, various
preparatory tests and measurements, to assess the emission beam quality
and to choose the best option for the spatial filters were completed with the
available optics. Subsequently, an accurate choice of more adequate optics
has been accomplished for the final part of the work. A first set of experi-
ments concerned investigations about the resolution and the digitalization of
the images; besides, different methods for filtering the laser radiation which
involved pinholes and special waveguides were tested. In this chapter I am
going to describe in details these measurements and point out the main dif-
ficulties encountered that had to be carefully addressed during the progress
of the work.
3.0.1 Test samples
For the purpose of optimising an optical system, the availability of some
special test samples was considered necessary: for this reason I decided to
fabricate some suitable objects with precise control on their size and shape.
Four polyethylene (PE) disks (each of them about 1.5 mm thick), which are
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transparent at THz frequencies, were used as substrate materials. Over them
some geometrical figures made of a layer of aluminum, which was evaporated
by means of photo-lithographic techniques, were added; details on fabrication
are described in Appendix A. In Figure 3.1 the final objects are shown: a
matrix composed by 400 µm large squares was drawn on the surface of the
first two disks (a, b); in addition, three stripes of Al were traced over the
third and fourth ones (c, d): the lines were respectively 20 µm, 100 µm and
400 µm wide. A close-up of the first disk is shown in Figure A.2. Another
object I exploited for test measurements is a special sheet made of some
plastic material covered by gold contacts. It was picked up for the great
contrast it would ensure. A double photo of this particular circuit is shown
in Figure 3.1 e (front) and f (back).
Figure 3.1: Photographs of the objects used for testing the optical system: Alu-
minum matrix of 400 µm broad squares, evaporated on PE disks: the horizontal
and vertical arrays were separated by a distance of respectively 2 mm and 3 mm
(a, b); Aluminum stripes on PE disks (respectively 20 µm, 100 µm and 400 µm
thick): each one was about 5 mm distant from the nearest one and all of them
were contained by a rectangular perimeter made of wider lines (c, d); plastic sheet
with a golden layer for simulating an ultra-thin circuit: both back and front are
depicted (e, f).
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3.1 Pixels and resolution
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Figure 3.2: Outline of the experimental setup employed to test the digitalization
of the images in a simple transmission geometry without the insertion of any pin-
holes. Three Picarin lenses and one parabolic mirror are used for double focusing
of the light. A Golay cell is used for detection.
Our first experimental setup is schematically depicted in Figure 3.2. The
QCL (A3914) was mounted on the cold finger of a Stirling cryocooler (Ricor
K737 Twin Piston Linear Integral Stirling Cryocooler) and maintained at
a temperature of 29 K . A vacuum pump was used in order to keep the
pressure as low as 10−6 mbar. The QCL was driven at currents of 750 mA
with 400 ns broad pulses and with an effective 50% duty cycle. The THz
beam was collimated and focused at a point F by a couple of Picarin lenses
(L1 and L3). The sample to be imaged was mounted on a XY moving stage
(PI M-403) placed in the beam focal plane, which has a minimum spatial
resolution of ∼ 0.2 µm. Light scattered from F is then collimated by a third
Picarin lens (L2 which is identical to the first) and directed by a parabolic
mirror (M1) to the Golay cell used for detection (Microtech). In table 3.1
the lenses that have been used in the setup are described in detail .
The first attempts at imaging a region of the circuit test sample were
performed in order to estimate the best choice regarding the length of each
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Lenses
Name Type/Material Focal length (mm) Diameter (mm) NA
L1 Plano-convex/Picarin 30 30 0.447
L2 Plano-convex/Picarin 30 30 0.447
L3 Plano-convex/Picarin 50 30 0.287
L4 Plano-convex/Picarin 50 50 0.447
S Plano-convex/Picarin 5 5 0.447
Parabolic mirrors
Name Type/Material Focal length (mm) Diameter (mm) NA
M1 Golden coated 100 50 0.287
M2 Golden coated 50 50 0.447
M3 Golden coated 50 50 0.447
M4 Golden coated 150 50 0.164
Table 3.1: Lenses exploited in the setup.
step of the sample scan: this part of the work aimed at finding a compromise
between a good visibility and a short amount of recording time.
In fact, nowadays, microscopic images are almost always recorded digi-
tally [42]. In order to accomplish this, the signal from the sample is sorted
into arrays by the moving detection. The smallest element of the resulting
image is the pixel [47, 9]. In digital images, every pixel is associated with
a number that is proportional to the intensity of the detected signal. The
correspondence between the real intensity map and the digital one is not
trivial, for it can generate a loss of information during the recording process
of spatial features. Obviously, having smaller pixels increases the chance
for small features of the sample to be adequately distinguished. However, a
higher definition implies more data to analyse, but non necessarily they con-
tain more information, while a lager amount of time is inevitably required for
the whole scanning; Figure 3.3 illustrates the main problem: a small number
of points guarantees a rapid performance but diminishes the clarity of the
image; viceversa too many points often mean a long capture time (the image
of panel f, which depicts a wider region of the sample, has 60x60 pixels and
took about 2 hours for being recorded). Nyquist criterion states a conven-
tional rule: the size of the pixel should be chosen equal to one half of the
Abbe criterion resolution of the optical system [9]. Given the large amount
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of time required for recording each image, in the following I followed the rule
only when taking the most important measurements [10].
2mm2 mm2 mm
a b c
2 mm2 mm
d
4 mm
fe
Figure 3.3: A close up of the circuit sample was imaged four times with a different
choice of the size of points: 1 mm (a), 500 µm (b), 330 µm (c), 250 µm (d). A
photography of the same area is included for comparison (e); 60x60 image of a
wider region of the circuit sample: the measurement took about two hours (f).
3.2 Spatial filtering
In order to clean the profile of the laser beam, different approaches have
been investigated. For the first test, a wave-guiding concept was applied
for ensuring a precise selection of the propagating electromagnetic modes.
Special hollow core waveguides, expressly designed for the THz region of the
spectrum, were coupled to the QCL and their output monitored to identify
the propagating mode. Although I managed to achieve regular beam profiles
with minimal power losses, the core diameter - which was too large - did
not allow to obtain a good resolution in the sample zone. A second scheme
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involved a special metallic waveguide which decreased its core diameter (down
to an exit window 90 µm large): unfortunately I observed too low coupling
efficiency (down to 5 %) and hence, the arrangement did not offer practical
advantages.
This is the reason why self fabricated pinholes (by means of photo-
lithography techniques) were successfully implemented: good coupling effi-
ciencies and selection of an almost pure gaussian mode were observed. Con-
sequently, these objects were considered to be the best option for our confocal
microscope. Because the pinholes were fabricated on a Si substrate, about
50 % of the radiation was lost because of the reflection on the surface. Thus
in the final setup self-made pinholes were finally replaced by commercial ones.
3.2.1 Studies on hollow core waveguides
As previously mentioned, there is an increasing interest in the application of
widely tunable, compact, cost-effective THz technologies to a wide range of
fields spanning from imaging, remote sensing and security controls, to spec-
troscopy and biomedical science. To address the actual application require-
ments it is almost mandatory to improve the functionality of the employed
THz sources and detectors via a careful optimization of their compactness
and integration. In this direction, efficient and flexible propagation channels
are needed in order to avoid large free-space optics, at the same time en-
suring low transmission losses and a small group velocity dispersion. This is
another important reason for testing waveguide concepts specifically designed
for THz radiation.
Several approaches to guide optical beams have been investigated so far
in the far-infrared, including solid-core [48] or polymer fibers [49], photonic
crystal fibers [50], metal tubes [51], and metal wires [52, 53]. High absorption
in most dielectrics and Ohmic losses in metals are the most important diffi-
culties in developing efficient guided technology across the terahertz range.
A possible approach that overcomes the mentioned limitations is the design
of hollow core waveguides (HCWs) in which the energy is basically confined
in the inner air volume, with only a small fraction in the outer absorbing
medium [54].
These structures can also be efficiently coupled with high power lasers
ensuring low insertion losses and small output beam divergence. On the
other hand, metal surface effects in hollow-core pure metallic waveguides, can
still cause transmission losses as high as 12-15 dB/m, which could though be
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limited by the insertion of a thin dielectric film in the inner core of the metallic
layer [54]. A common choice involves the deposition of polystyrene (PS) over
the inner surface of the Ag films, since it has low losses at THz frequencies (∼
1 dB/m) [54]. Moreover, the thickness of the employed dielectric layer has
to be carefully controlled to select the dominant modes propagating through
the waveguide [55].
In order to investigate these concepts, we coupled linearly polarized and
azimuthally polarized Terahertz QCLs to the low-loss optical modes of hol-
low core waveguides having a sequence of different metallic or dielectric in-
ner coatings. The latter waveguides were specifically designed to force the
propagation of a dominant optical mode once the thickness (d) of the inner
dielectric coating is properly chosen.
Another source of losses in hollow metallic waveguides is due to bending
that in the last few years, limited the fabrication procedure to rigid metallic
tubes, therefore reducing the range of suitable applications [56]. An alter-
native approach to be explored is the use of waveguide configurations that
can be easily manipulated employing thin metal coatings grown on flexible
substrates (polycarbonate tubes) in order to produce propagation constants
comparable to those of low-loss metal waveguides. Theoretical calculations
[54] made on these systems show that the bending loss a has a dependence
on 1/R and1/a, where R is radius of curvature and a is the size of the inner
bore of the guide. The transmission losses αlm of the higher order modes
(l,m) are on the contrary attenuated by the factor (ulm)
2, where ulm is the
mth root of the Bessel function Jl−1(x):
αlm =
(ulm
2π
)2 λ2
a3
(
n
n2 + k2
)(
1 +
n2d√
n2d − 1
)
(3.1)
Here λ is the radiation wavelength, n and k are the optical constants for
the inner metal layer and nd is the refractive index of the dielectric layer.
Recently [57, 58], THz QCLs have been efficiently (η > 80% ) coupled
with hollow core waveguides having inner metallic (or metallic/dielectric)
thin film coatings rolled up in a polycarbonate tube. Propagation losses in
the range 2.1-4.4 dB/m and bending losses lower than 1.2 dB have been
reported [57, 58].
We characterized hollow waveguides having a different sequence of inner
claddings, with the purpose to force the propagation of lower losses HE-
like modes, aiming at a flexible and compact THz system suitable for high
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resolution imaging and sensing applications.
Figure 3.4 shows the cross section of the employed hollow core cylindrical
waveguides (HCW). The Ag thickness must be greater than the penetration
depth of the target wavelength, yet minimized, otherwise thicker films would
increase surface roughness, resulting in additional scattering losses. In order
to investigate the influence of the coating layer on the overall waveguide
transmission losses, the core is additionally coated with a metallic coating
(Figure 3.4 a) or a dielectric thin film (Figure 3.4 b) using dynamic liquid
phase deposition processes (Figure 3.4 a). HCWs having lengths in the range
2-14 cm and bore diameters of 1 mm have been used to guide the optical beam
of both edge emitting and surface emitting azimuthally polarized THz QCLs.
Three different coating configurations have been tested: i) AgI 0.6 µm
thick; ii) Polystyrene (PS) films having thickness in the range 4.0 µm - 7.7 µm
in order to verify the possible effects on the dominant propagating optical
mode; iii) AgI/PS 0.6/7.7 µm thick . The PS thickness was varied to verify
the propagation effects induced by the dielectric coating. In each case, the
coating is expected to reduce the mode dispersion and the attenuation of
the lower losses optical modes. Indeed, the presence of a thin film on the
inner surface of a metallic wall changes the boundary conditions which can in
principle reverse the order of the dominant propagating mode. The thickness
d for a non-absorbing coating can be optimized to enhance or suppress specific
modes. In particular, the inner coating thickness should be larger than the
critical value,
dPS =
π
4k
1√
n2PS − 1
(3.2)
In the case of AgI coatings, the latter thickness has been estimated as
[54]:
dAgI =
λ0√
n2AgI − 1
tan−1
[
nAgI
(n2AgI − 1)1/4
]
(3.3)
The two different THz sources used were: i) a linearly polarized edge
emitting QCL (sample 1), operating at 2.9 THz and fabricated in a single-
plasmon optical waveguide (details on fabrication are described in [59]); ii)
an azimuthally polarized micro-ring distributed feedback QCL (sample 2),
operating at 3.2 THz and based on a double metal optical waveguide (fabrica-
tion details are described in [60]). The micro-ring devices, having a diameter
60
a b
silverfilm
dielectric
coating
silver film
plastic tubing
AgI coating
plastic tubing
Figure 3.4: (a) Schematic structure of a hollow silver-coated polycarbonate
waveguide and (b) the same with a dielectric layer deposited on the silver film.
dR = 990 µm, were soldered to copper bars with an In/Ag alloy and wire
bonded, taking care to distribute uniformly six bonding wires along the ring.
The latter procedure allowed to have single mode operation and constant
polarization along the whole QCL ring [59]. The lasers were mounted on the
cold finger of a liquid-helium cryostat and driven at currents of 1 A for sam-
ple (1) and 2 A for sample (2) with 200 ns wide pulses and with an effective
0.5% duty cycle.
Two kind of experiments were performed: in one arrangement (Figure
3.5 a) a Picarin lens (3 cm focal length) was used to focus light into a 1 mm
large pinhole kept in contact with the waveguide input; alternatively, in the
back-to-back setup (Figure 3.5 b), the waveguide input was in direct contact
with the surface of the cryostat window. In both configurations, a calibrated
pyroelectric detector (sensitive area about 3x3 mm2) was mounted on a XY
moving stage having a minimum spatial resolution of ∼ 0.2 µm in order to
record point by point the far-field distribution of radiation near the waveguide
edge at a distance of ∼ 2 cm.
In a first set of experiments I tested a set of Ag/Ps coated HCWs, with
the aim of investigating the changes induced by the PS thickness on the
nature of the dominant propagating mode. Figure 3.6 shows the results
I got by coupling sample (2) with Ag/Ps HCWs having an increasing PS
thickness under the experimental configuration of Figure 3.5 b. As expected
[55] the far field intensity distributions show that the optical mode modifies
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Figure 3.5: Schematics of the experimental setups employed to couple a linearly
polarized QCL and a micro-ring QCL beam to the hollow waveguide with a Picarin
collimating lens (a) or in a back-to-back configuration (b).
its nature by increasing the PS thickness, from a TE01 mode (for thinner PS
layers), to the hybrid HE11 (for thicker PS thicknesses) as the comparison of
panels a-d can suggest. 1 Thinner PS films indeed reduce the dielectric effect
on the mode propagation, so that the waveguide can be approximated as a
“metallic” one, showing a dominant coupling with the TE01 mode [57]. A
quantitative profile analysis was not performed because the low pyroelectric
1TE01 is an electromagnetic mode which has a typical dough-nut shape: it is the low
loss propagating mode for a metallic cylindrical waveguide, while the HE11 mode is the
low loss propagating mode in a hollow core waveguide employing a dielectric layer: its
profile is roughly symmetrical.
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resolution did not allow more accurate measurements, however, the reported
pictures seem to confirm the expectations.
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Figure 3.6: (a) to (d) Far-field spatial intensity distribution of sample 2 upon
exiting a 1.2 mm core diameter HCW having PS coating thickness of (a) 2 µm (b)
4 µm (c) 6 µm (d) 7.7 µm, respectively.
Analogous results were found by coupling the QCL beam of sample 2)
with a Ag/AgI/PS coated waveguide. The far field intensity distribution,
reported in Figure 3.7 a, shows a coupling with the HE11 mode.
On the other hand, four nominally identical Ag/AgI HCWs were charac-
terized by using the experimental configuration sketched in figure 3.5 a for
both THz sources. Figures 3.7 b-c show that the beam from QCL, both lin-
early and azimuthally polarized, is mostly coupled with the HE11 waveguide
mode.
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Figure 3.7: (a)Far-field spatial intensity distribution of sample 2 upon exiting a
1.2 mm core diameter HCW having a Ag/AgI/PS coating; Far-field spatial inten-
sity distribution of sample 1 (b) and 2 (c) upon exiting a 1.2 mm bore diameter
HCW having a thin AgI coating of 0.6 µm, collected with the experimental con-
figuration shown in Figure 3.5. The beam profile was measured by focusing the
QCL beam directly at the centre of hollow waveguide.
In order to estimate the transmission losses and the coupling efficiency
between the QCL beam and the tested waveguides, we measured the in-
put/output power values for both the Ag/AgI and Ag/PS HCWs. Figure 3.8
shows the results collected by coupling sample 2) with Ag/AgI waveguides
and with Ag/Ps waveguides having the thicker Ps coating. A set of waveg-
uides having identical coating thickness and lengths in the range 2-14 cm
were tested. We found that, for both waveguide types, the transmission
losses increase with the waveguide length with a linear slope of ∼ 1.5 dB/m
and an intercept corresponding to coupling efficiencies of ∼ 87 %.
In order to explore the effect of the bending on propagating modes, the
three types of waveguide mentioned above were tested by using the experi-
mental configuration sketched in the upper panel of Figure 3.5 a: one edge of
the guide was blocked just near the aperture of the input pinhole, the other
one was pushed out of axis, making sure that a uniform curvature is main-
tained along the tube. Figure 3.8 shows the bending losses measured on a set
of 11-14 cm long waveguides as a function of the reciprocal of their radius of
curvature. The collected data show that the bending losses maintain a value
lower than 1.1 dB even at bending angles of ∼ 45 ◦.
In summary, we have tested HCWs having three different coating config-
urations (Ag/AgI, Ag/PS, Ag/AgI/PS), by coupling them with THz QCL
sources, having a linear or azimuthally polarized emission. The results
demonstrate that the TE01 mode can be easily converted to a hybrid one
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Figure 3.8: Transmission losses measured from the ratio between the output
and the input power values by coupling Ag/AgI waveguides () and Ag/PS (•)
waveguides with sample b, under the experimental conditions sketched in
Figure 3.5 (b) Bending losses for Ag/PS (•), Ag/AgI () and Ag/AgI/PS (N
) as a function of the reciprocal of the radius of curvature. The error bars
show the absolute error values for each individual data point calculated by
using the standard deviation in the power measurements.
when d > 6µm allowing the propagation of THz QCL beams with transmis-
sion losses as low as 1.5 dB/m, bending losses < 1.1 dB and reasonably high
coupling efficiencies (87%).
These results are very good and the proposed waveguides are really ap-
pealing for example for THz remote sensing and biomedical applications, but
in aiming at confocal microscopy the large core of the structure makes impos-
sible to obtain high resolution images. For this reason, a different approach
was tested, by employing in the setup a copper metallic waveguide having a
narrower output window (90 µm).
3.2.2 90 µm waveguide
Encouraged by the waveguide approach, I developed a configuration provid-
ing a wavelength-size output for filtering radiation in a copper waveguide
with azimuthal symmetry. Light enters in a circular aperture (1 mm large)
that progressively restricts towards an output exit as narrow as 90 µm. A
scheme of the object is illustrated in Figure 3.9. The inner tube has a con-
ical profile and a smaller efficiency was expected due to the very small way
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1mm
90 µm
Figure 3.9: Cross section of the copper metallic waveguide employed for filtering
light: entrance windows is as large as 1 mm, while the exit aperture has a size of
90 µm.
out size. The observed coupling efficiency was estimated as low as 5 %. A
schematic picture of the arrangement of these measurements is shown in Fig-
ure 3.10. In this case, only one lens (L1) was used for focusing the QCL light
at the waveguide input. The exit of the waveguide has dimension compara-
ble to the wavelength of the laser beam, hence diffraction broadening effects
were expected. For ensuring that most of the radiation is collected, a very
small Picarin lens (S) was placed near the output edge of the waveguide.
Radiation was then collimated by another Picarin lens (L3) having slightly
lower numerical aperture. Finally a fourth Picarin lens (L2) identical to the
first one was used to concentrate radiation at the Golay cell. In front of the
entrance window of the Golay cell an adjustable diaphragm (with a minimum
diameter of 500 µm) was placed in order to simulate the effect induced by
the presence of a second pinhole.
In table 3.1 the lenses that were used in the setup are described in detail.
The scanning knife-edge technique [61] provides one of the better methods
for measuring the waist of an optical beam. In this method, an opaque knife
edge (I used an Al thin sheet) is moved transversely across the beam profile
along one direction, say y; simultaneously the transmitted intensity that
passes below the edge (or over it, depending on the direction of scanning) is
detected as a function of the position y (see Figure 3.11).
The value recorded for each point y is the integral of the intensity in the
x direction. For estimating the lateral waist it is possible to fit the data by
means of the following function:
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Figure 3.10: Schematics of the experimental setup employed for the first tests on
lateral and axial resolution of the optical confocal system: filtering of the irregular
QCL profile is provided by the 90 µm waveguide; the rejection of out-of-focus light
coming from the sample is guaranteed by an adjustable diaphragm put before the
Golay cell. All lenses used in the setup are described in Table 3.1.
source detector
y
z
x
Figure 3.11: The scanning knife-edge technique: an opaque sheet is moved per-
pendicularly to the laser direction: the signal detected permits to estimate the
width of the beam along the direction of the scanning.
f(y) = Imax
1
2
[
1− erf
(
y − y0
2
√
2σy
)]
(3.4)
Where erf(x) is defined by:
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Figure 3.12: Far field profile of the laser beam (a) at the output of the QCL
(without filtering) and (b) after passing through the 90 µm waveguide: the mea-
surement was performed by means of a pyroelectric detector mounted on the mov-
ing stage; vertical (c) and horizontal (d) cross sections of the beam profile after
the 90 µm waveguide: fitting gaussian curves are shown in red. (e) knife-edge
scanning of the beam in the sample zone in correspondence of the focal plane: the
measured points are fitted by means of the function presented in Equation 3.4 (red
line): estimated waist is found to be 123 µm.
erf(x) =
2√
π
∫ x
0
e−t
2
dt (3.5)
The last two are completely valid in the case the beam occupies the
gaussian mode TEM00; however, they remain adequate also for not perfectly
gaussian modes (but roughly symmetrical ones). The functionality of the
waveguide appears really evident from Figure 3.12 where the laser beam
profile measured near the output of the cryostat (a) and immediately after
the 90 µm waveguide (b) are shown. In order to demonstrate that the beam is
approximately gaussian, two cross sections - their positions are indicated by
the arrows - were examined and fitted by a gaussian function: the results are
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reported in panels c and d. The estimated widths are whorizontal = 3.6 mm,
wvertical = 3 mm: by considering that the measurement was performed with
the detector element distant about 2 cm from the output of the waveguide,
it can be possible to evaluate the divergence of the beam as about 40◦. This
high value is due to diffraction from the small aperture of the waveguide.
It is useful to remark that the lenses which were employed in the setup
didn’t match this high value of divergence angle: for this reason, in order
to ameliorate the efficiency of the entire system, more adequate optics were
exploited in following steps of the work. However, the resolution was not
affected from these losses: panel e shows, in fact, the results of a single knife
edge scan performed at the focus. Spot size is then estimated by fitting
points with the previous function; the best width results as low as 123 µm.
Before proceeding on confocal tests, a single image is captured in order
to show another possible application for this type of waveguide in nearly
subwavelength microscopy. For this purpose, the circuit-sheet was set almost
in contact with the exit window of the metallic guide. Then it was moved
for raster scanning and a detailed picture was taken. The results are visible
in Figure 3.13 which compares the recorded image (panel a) with the real
photography (panel b).
1mm1 mm
a b
Figure 3.13: Nearly sub-wavelength microscopy with the 90 µm waveguide: the
panel (a) shows the THz image of a restricted region of the circuit sample at high
resolution (steps 100 µm long); panel (b) shows a photography of the same area
for comparison. Time of capturing was about 90 minutes.
The THz image was captured with steps 100 µm long. The feature (about
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400 µm large) which is visible on the bottom of the THz image but not in the
photograph is a part of the back side of the sample that was hidden by the
plastic sheet. The high resolution seems to suggest this arrangement to be
very promising for the implementation of a THz scanning microscope based
on local waveguide excitation.
Confocal tests
For the purpose of demonstrating that the optical arrangement of Figure
3.10 works as a confocal microscope, some tests were performed in the setup
employing the 90 µm waveguide, whose aim was to distinguish between two
objects that were placed on two different planes. In order to solve the problem
of the low signal registered by the detector - it was only an order of magnitude
higher than the noise level of the Golay cell -, the experiment was carried out
on couples of PE disks that are practically transparent at THz frequencies.
The contrast Al-PE is thus high enough to allow formation of clear images.
For the first example, I refer to Figure 3.14. In panel a, the scheme
of the measurement is illustrated. Disks are kept distant 8 mm from each
other (for this aim a white PE disk is inserted between them) and rotated
in order to maintain Al stripes parallel to the x direction. The scan was
performed by moving the stage along one single line at a fixed x position
and by varying the z position. When the disk 1 is at focus, an absolute
minimum of transmittivity (Figure 3.14 b) is observed in correspondance of
the strip (all radiation is stopped by the opaque strip). When moving the
sample along the z axis, the image of the strip blurs and the broadening is
clearly visible in panel b. Simultaneously a second trace appears in the lower
part of the graph: it corresponds to a similar figure drawn on the second PE
disk. When the stage has moved up, to a distance of about 8 mm from
the first plane, the focus is now on the second plane and the transmittivity
has a minimum in the position of the second strip; then it blurs again and
eventually both traces disappear. Panel c reports the same measurement,
this time performed with the diaphragm closed down to 500 µm: because
of the further spatial filtering, a lower signal was observed. This means the
picture in c has more noise than that in b. However, the effect of the pinhole
on the quality of blurring appears clear: the arrows put in evidence the
narrowing of blurring length: the signal of blurred line in picture b merges
with the background at a longest distance from the focal plane with respect
to the same one measured from the picture in c where the defocussing is
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Figure 3.14: a Schematics of the experimental arrangement employed for the
first confocal tests of the optical system: two overlapping planes are involved in
the measurements. The disks are separated by a distance of 8 mm and Al lines
are kept parallel. The sample is then moved in the axial direction simulating the
shifting of focus; images of the 400 µm strip defocussing were captured both for b
an open diaphragm, and c, a 500 µm wide aperture: the clearest points represent
the Aluminum lines at focus.
more rapid. In other words an image recorded with a pinhole should present
a smaller depth of field than the one recorded without pinhole. The arrows
in Figure 3.14 indicate an approximate estimation of the depth of field in the
two cases: each couple starts at the focus of the corresponding strip and ends
when the contrast strip/background is below the Rayleigh criterion reference
of 26.5 %. For the case with the open diaphragm this etimate conduces to a
value of 4 mm, on the contrary, adding pinhole, it is reduced to 3.2 mm.
A second set of measurements was then carried out on complete 2D images
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Figure 3.15: Schematics of the experimental arrangement employed for the sec-
ond confocal test of the optical system: two overlapping planes are involved in the
measurements (the square arrays of Figure 3.1 a and b. The disks are separated
by a variable distance d. The entire sample is then moved in the axial direction
simulating the displacement of focus
of several cross sections of the sample. In order to better illustrate the
functionality of the system, the disks shown in Figure 3.1 a and b were
chosen as the object to be imaged. The main reason for this has to do with
the fact that a smaller area has to be covered and, consequently, there is less
time necessary for ensuring a significant measure. In order to characterize the
resolution properties I performed measurements as illustrated in Figure 3.15:
disks are kept orthogonal with respect to the optical axis. The evaporated
surfaces are separated by a distance d which is varied in order to obtain three
different groups of images (d=10 mm, d=6.5 mm, d=4 mm). To modify this
distance, other blank PE disks were inserted between the original two. This
mode of operation, which is also useful for ensuring a perfect parallelism
between the two planes, did not generate any significant loss of the signal
(only about 15 % for each disk employed).
First I kept the disks at a distance of 10 mm and decided to investigate
an area as large as 4.5 mm x 4.5 mm. The first three images are shown in
Figure 3.16 and refer to positions separated by 5 mm from each other. The
diaphragm is closed down to 500 µm. Panel a shows a clear image of the
surface of the first disk, while in panel c the focus of the system is placed on
the surface of the second disk. Panel b, on the other hand, depicts the mid
plane among the first two. Images a and c are clearly separated, but it is
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4.5 mm 4.5 mm 4.5 mm
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z= - 5 mm z=0 z= + 5 mm
z= - 5 mm z=0 z= + 5 mm
Figure 3.16: (a to c) Images of the square samples which were kept at a distance
of 10 mm from each other: panel a shows the nearest plane from the QCL, the
other images were taken at 5 mm long steps. Pinhole was closed down to 500 µm.
d to f The same measurements while keeping the diaphragm opened up to 1 mm.
an expected result because the distance between the corresponding planes is
very large compared with the theorical depth of field (about 1-2 mm).
In order to test the efficency of the pinhole the same measurement was
performed with the diaphragm opened up to 1 mm. An improvement of the
quality of images a and c is observed, but it is only due to the higher received
signal: a higher intensity at the detector means a lower background noise in
the image. However, the effect induced by the presence of the pinhole is not
clear in this picture, because, as previously mentioned, the disks are too far
away.
Finally a more detailed zoom of the region indicated by a rectangle in
panels a to c is shown: two more intermediate planes are probed with a
higher resolution: the results are visible in Figure 3.17; the area is 2 mm
large and the intensity is recorded at 100 µm long steps.
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z= - 5 mmz=0z= + 5 mm z= + 2.5 mm z= - 2.5 mm
Figure 3.17: Close up of the sample described in Figure 3.16 in the case the
pinhole was kept 500 µm: the investigated area was the one surrounded by the
blue rectangle in Figure 3.16. Two more intermediate pictures were captured.
4.5 mm
z= - 3.5 mmz=0z= + 3.5 mm z= + 1.75 mm z= - 1.75 mm
4.5 mm 4.5 mm 4.5 mm 4.5 mm
Figure 3.18: Images of the square samples which were kept at a distance of
6.5 mm from each other. Panel +3.5 mm shows the nearest plane with respect
to the QCL, the other images were taken at 1.75 mm long steps. The pinhole was
closed down to 500 µm.
Similar measurements were performed when the distance between the sur-
face of the two disks was 6.5 mm. Five images were recorded and are visible
in Figure 3.18; the focal plane was translated in steps of 1.75 mm from each
other. This sequence of pictures is particularly instructive because the two
Al matrices traced onto the different disks were almost completely overlap-
ping. However, a slight misalignment is perceivable and demonstrates that
the system possesses the capability to resolve details that would otherwise
have been kept hidden by the obstacle in front of them.
For the final test carried out with this setup, the disks were moved even
closer (down to 4 mm) and imaged at different z. Seven images were taken
and are shown in Figure 3.19, from b to h - each image is taken after moving
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Figure 3.19: (b to h) Images of the square samples which were kept at a distance
of 4 mm from each other: panel b shows the nearest plane with respect to the QCL,
the other images were taken at 750 µm long steps. Pinhole was closed down to
500 µm. In panel a and panel i the pictures of the real sample and the region
covered by the scan are depicted.
the sample by a 750 µm long step; panels a and i show the pictures of real
samples for comparison. The measurements were performed by keeping the
diaphragm closed down to the minimum allowed (i.e. 500 µm). Despite the
fact that there is more confusion in the middle images, the first and the
last pictures appear to be very clear: this is another demonstration of the
75
functionality of the setup; the radiation reaching the detector, however, is
low which prevents from observing any obvious effects due to the insertion
of the second pinhole.
4.5mm 4.5 mm4.5 mm
4.5 mm 4.5 mm4.5 mm
4.5 mm 4.5 mm4.5 mm
z= + 4 mm z= + 2 mm z= + 0 mm
z= + 4 mm z= + 2 mm z= + 0 mm
z= + 4 mm z= + 2 mm z= + 0 mm
a b c
d e f
g h i
500 µm pinhole
400 µm pinhole
300 µm pinhole
Figure 3.20: Scan of the square disks when they were kept at a distance of
4 mm. Three images have been captured for three different pinhole aperture: (a
to c) 500 µm, (d to f) 400 µm, (g to i) 300 µm)
In order to prove that the second pinhole was ineffective I replaced the
diaphragm near the detector with two smaller pinholes which have been
fabricated in the laboratory workshop by means of very small drill points:
the size of the final apertures was estimated in respectively 300 µm and
400 µm).
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Figure 3.20 shows the results which don’t appear very clear though; the
contrast was measured according to Equation 1.16 between squares belonging
to different levels and I found quite similar results: C500µm = 0.6, C400µm =
0.8, C300µm = 0.7; probably, the reason comes from the fact there is still a
great distance between the two planes, so that the rejection of out-of-focus
rays happens automatically. Hence, the benefit of pinholes is not evident.
Since the signal to noise ratio was a very low one, further investigations with
this setup were foregone to focus on the next configurations.
3.2.3 Home-made pinholes
The next step was completed with a new set of lenses at disposal: these
were two Silicon plano-convex lenses with a greater numerical aperture than
the previous ones and two TPX biconvex lenses. Complete specifications
are given in Table 3.2. Commercial pinholes were still not available; hence,
artificial apertures were produced in the clean room of the laboratory by
means of lithographic techniques. High resistivity Si was exploited as sub-
strate thanks to its good transparency (about 50 % dominated by reflection
losses) at THz frequencies. Details about the fabrication are described in
Appendix A, where some photographs of the objects can also be found (Fig-
ure A.3). Three pinholes were fabricated with different diameters (120 µm,
150 µm, 250 µm) and a roughly circular shape; actually, because illumination
for lithography was accomplished by an optical microscope, the light which
passed through the diaphragm assumed its typical polygonal form: this effect
being the more evident the smaller the size of the aperture.
The updated setup is schematically illustrated in Figure 3.21. Again light
from the QCL is focused into the 150 µm large pinhole by a couple of identical
Picarin lenses (L1 and L2). It can be noticed that the lens L3 was replaced
by L2 because of its high numerical aperture, a trick used to maximize the
amount of light passing through the pinhole. Then, a third Picarin lens (L4)
collected light from the pinhole; it was chosen for it large diameter in order
to reduce the diffraction losses: the aperture size was in fact comparable
with the wavelength. The two Si lenses are then inserted: Si1 in order to
focus the light on the sample, the other one, Si2, in order to collect all the
light scattered from it. Finally, a system of three parabolic mirrors (M2,
M3, M4) was arranged in order to focus light into a diaphragm and, then,
to redirect it again into the detector. For ensuring a large Signal-to-Noise
Ratio, a liquid-He cooled Ge bolometer was employed.
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Figure 3.21: Layout of the experimental setup employed for the first tests on the
new lenses: when filtering the irregular QCL, the profile is provided by the home-
made aperture of 150 µm; here, the rejection of out-of-focus light coming from the
sample is guaranteed by a 500 µm aperture, placed in the centre of a system of
parabolic mirrors which is supposed to transfer the transmitted radiation to the
Ge bolometer used as detector. All lenses used in the setup are described in Table
3.1 and in Table 3.2.
In Figure 3.22 a the far field profile of the THz laser beam is shown
after the 150 µm pinhole. Despite the shape of the pinhole which is not
completely circular, the profile seems to be regular enough, thus, proving
the quality of the manufactured object. A quantitative estimate was carried
out from the cross sections of the beam that can be fitted by means of
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New lenses
Name Type/Material Focal length (mm) Diameter (mm) NA
Si1 Plano-convex/Silicon 30 30 0.707
Si1 Plano-convex/Silicon 30 30 0.707
TPX1 Biconvex/TPX 50 50 0.707
TPX2 Biconvex/TPX 50 50 0.707
Table 3.2: Lenses exploited in the setup.
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Figure 3.22: (a) Far field profile of the laser beam at the exit of the 150 µm large
pinhole; vertical (b) and horizontal (c) cross sections of the beam profile after the
aperture: fitting gaussian curves are shown in red. (d) knife-edge scanning of the
beam in the sample zone for various points along the z axis in proximity of the focal
point: for each column the measured points are fitted by means of the function
presented in Equation 3.4 in order to find the best parameters for estimating the
beam waist; this has been reported in panel d as a function of z. The plot of the
fitting function (see Equation 3.6) is shown in red.
79
a gaussian function. The results for the widths are whorizontal = 3.8 mm,
wvertical = 3.3 mm. Moreover, a knife-edge scan was performed in order to
evaluate the resolution of the system. Results are depicted in Figure 3.22 d: a
characteristic broadening of the beam waist is visible which can be identified
by looking at the more or less rapid change of the colors in the graph. Each
column of the image can be fitted with the function of Equation 3.4 in order
to obtain the best estimate regarding the width of the beam along the axis:
in panel e the results are printed as a function of z. The minimum waist is
estimated to be roughly 141 µm. Furthermore, keeping in mind the form of
the waist of a gaussian beam [62], a further step can be made by fitting the
data with the following function:
w(z) = w0
√
1 +
(
z
zR
)2
(3.6)
From the fit, zR = 156µm and w0 = 146µm; the divergence of the beam
is estimated from the external data with a linear fit: tan θ = 0.95 which cor-
responds to θ = 43.5◦ a value which is in good agreement with the expected
one of 45◦.
As it can be observed this setup had a high resolution and the reason was
the simultaneous exploiting of the Si lenses and the bolometer; unfortunately,
the further reflection losses (about 50%) in passing through the Si pinhole
did not allow to achieve an acceptable Signal-to-Noise ratio for more complex
test measurements on confocal capabilities. Then I decided to carry out all
tests with the commercial pinholes which allow to overcome this limitation.
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Chapter 4
The terahertz QCL confocal
microscope
With the availability of the commercial pinholes the system was able to gain a
significant amount of signal. This progress was very decisive for the improve-
ment of the microscope. In the following I am going to describe in detail the
configuration employed adding a complete discussion about resolution and
alignment. Then, I am going to present the images I have collected with the
final confocal microscope, with notable results of unprecedented definition.
4.1 Final setup
Our definitive experimental setup is schematically depicted in Figure 4.1.
The QCL was driven at currents of 750 mA with 67.7 µs wide pulses and
with an effective 50% duty cycle. Two identical Picarin lenses (L1 and L2)
collimated and focused the THz beam in the first pinhole (PH1) that has
a size of 200 µm. Then, the first high numerical aperture Si lens (Si1) was
inserted in order to focus light at the point F, where the sample was scanned.
At a distance of 50 mm, the second Si lens (Si2) was placed; although these
lenses helped to maximize the radiation amount and the resolution, they also
reduced the allowed space for positioning the sample. A third large diameter
(5 cm) Picarin lens (L4) was used to carry the light collimated by Si2 into the
second pinhole PH2 (300 µm large): with respect to the previous setup (i.e.
the parabolic mirror used for focusing in PH2), this new choice appeared
to be more advisable because it should guarantee that circular symmetry
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was preserved. Finally the light passing through PH2 was directed to the
Ge bolometer used as detector by a couple of parabolic mirrors (M2 and
M4). In particular, the last one matched perfectly the field of view of the
entrance cone of the bolometer for ensuring the maximum coupling efficiency.
Moreover, a mechanical system employing a metallic indicator was designed
and assembled in aiming at the rapid individuation of the focal point for the
accurate placement of the sample.
Lenses
Name Type/Material Focal length (mm) Diameter (mm) NA
L1 Plano-convex/Picarin 30 30 0.447
L2 Plano-convex/Picarin 30 30 0.447
L4 Plano-convex/Picarin 50 50 0.447
Si1 Plano-convex/Silicon 25 50 0.707
Si1 Plano-convex/Silicon 25 50 0.707
TPX Biconvex/TPX 50 50 0.707
Parabolic mirrors
Name Type/Material Focal length (mm) Diameter (mm) NA
M2 Golden coated 50 50 0.447
M4 Golden coated 150 50 0.164
Table 4.1: Definitive setup: components specifications.
The microscope images a single point of the sample at a time. A two-
dimensional scan of the sample in the focus F results in a sharp image. Each
pixel corresponds to a single sample region of the size of the central focus,
while the corruption due to scattering from neighboring regions is minimized
by the pinholes. In order to perform an automatic scan of the sample in
each cartesian direction (x,y and z ) a three dimensional moving stage was
arranged by means of three motorized actuators (x : PI M-403, y : PI M-403
and z : Thorlabs Z600 series) and a software was expressly created for the
purpose (employing a Labview graphical interface). It can be relevant to
remark the usefulness of an automatic scanning system, for allowing us to
perform also overnight scan and consequently for saving time and obtaining
more detailed measurements. Figure 4.2 shows a photograph of the definitive
configuration.
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Figure 4.1: Schematics of the definitive setup of the microscope. Lenses speci-
fications are listed in Table 4.1. The illustration highlights the differences among
the various employed optics. Technical details on the Ge bolometer used for mea-
surements are reported in Table 2.1.
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Figure 4.2: Photograph of the setup I assembled. The “tower” visible on the left
is the motorized xyz scanner.
4.2 Alignment and resolution
During the assembly of the system, a visible He-Ne gas laser (λ = 630 nm)
was included in the setup for helping us during the tedious stages of the
alignment. In fact, Picarin and TPX lenses are transparent both at THz and
visible frequencies of the spectrum, hence by overlapping THz and visible
paths, the individuation of the focal plane or the beam directions was made
easier and faster.
Profile
The chosen Newport pinhole PH1 has an aperture of 200 µm diameter. It
was placed at the focus of the lens L2, i.e. 3 cm distant from it. The far field
profile of the beam at the exit was imaged by means of a pyroelectric detector
mounted on the moving stage. The result is shown in Figure 4.3 b. In panel
a the image of Figure 3.12 a, showing the intensity profile of the beam at a
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distance of 2 cm from the output of the cryostat is reported for an immediate
comparison. Despite the not perfect circular shape it appears to be almost
regular. A quantitative analysis of the beam profile was performed by fit-
ting the points with a gaussian functions. The central cross sections (both
horizontal and vertical) are shown in panels c and d: the estimated widths
were whorizontal = 9.2 mm, wvertical = 9.5 mm. The image was captured at a
distance of about 4 cm from the output of the pinhole, then the divergence
of the beam can be evaluated, resulting in an angle θ ∼ 50◦ which is mainly
broadened by diffraction from the small aperture. The improvement with re-
spect to the previously described setups is evident from the viewpoint of the
transmission efficiency: pinhole’s losses are estimated to be about 65-70% of
the input signal; the earlier presented solutions (the 90 µm waveguide and
the home-made pinholes) had losses grater than 85 %. Naturally, this gain
in signal intensity was paid with a slight worsening of the lateral resolution.
Alignment
During the assembly of the various components of the microscope, most of
the attention was paid to the careful positioning of the TPX lens and the
first Si lens, because most of the resolution properties are determined just by
their correct alignment, for the regularity and the sharpness of the images
principally depend on the regularity and symmetry of the beam in this part
of the setup.
For this reason long scans of the profile were completed many times until
a satisfying result was obtained. In particular I required the beam to remain
straight along the optical axis. Far field profiles were recorded at different
positions of the z axis (each image every one millimeter). The last profile
scan is shown in Figure 4.4. Arrows link each of the ten images (from 1
to 10) to the respective scanning plane after the Si1 lens. A reasonably
good regularity of the beam can be observed, with the center of symmetry
maintaining constant coordinates in the xy plane. Another feature to be
noted is the beam narrowing from panel 1 to panel 5 and the following
broadening till picture 10.
The resolution of the system was tested by means of the scanning knife-
edge technique discussed in the previous chapter. Measurements were per-
formed as function of the z-axis position and the results are shown in Figure
4.5 a. The central column refers to the focal plane, where a minimum spot
size was achieved: it is presented in the graph of panel b. A fit with the men-
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Figure 4.3: Far field profile of the laser beam (a) at the output of the QCL (with-
out filtering) and (b) after passing through the 200 µm pinhole: the measurement
was performed by means of a pyroelectric detector mounted on the moving stage.
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Figure 4.4: Beam profile scan in ten different positions within the sample zone.
The total acquisition time was about 13 hours long.
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Figure 4.5: (a) Knife-edge scanning of the beam in the sample zone for various
points along the z axis in proximity of the focal point: for each column the mea-
sured points are fitted by means of the function presented in Equation 3.4 in order
to find the best parameters for estimating the beam waist; the scan of the profile in
the focus is reported with the relative fit in panel (b): minimum measured waist
is 132 µm; panel c reports the resulting beam waist as a function of z; at first
order in (z/zR)
2 (see Equation 3.6), the points have a parabolic dispersion and
the best fitting parameters found are: zR = 230µm, w0 = 165µm. The resulting
divergence is estimated to be ∼ 50◦.
tioned function of Equation 3.4 was carried out and conduced to an estimated
focus waist of 132 µm.
It is also possible to carry out a fit of the resulting z dependence of the
beam waist by means of the gaussian dispersion as already performed for the
previous measurements of Chapter 3 (see data reported in Figure 3.22). The
results are reported in the caption of Figure 4.5.
I wish to remark that an high level of precision was required in the align-
ment: in fact, the THz beam transmitted at the detector had to pass through
six lenses, two parabolic mirrors and two pinholes, hence a great amount of
signal along the optical path was lost. The intensity of the radiation at the
output of the QCL is about few mW. The efficiency of the microscope is
estimated to be lower then 0.1 % (without the inclusion of the sample).
Obviously this limits the possible applications of such system unless a
source-detector combination with a very high dynamic range is employed.
Nevertheless, thanks to the high output power of the QCL and sensitivity of
the bolometer, it allowed to perform some very interesting image measure-
ments on real objects, something that would have been impossible with a
time-domain system. Of course the throughput of the system can be ame-
liorated, for instance with the addition of appropriate anti-reflection coated
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optics which were not available at the time.
4.3 Defocusing
In order to highlight the effective advantages induced by the presence of the
300 µm pinhole in the setup, I performed a characterizing measurement of
the defocusing of the aluminum stripes traced on the PE disk of Figure 3.1
c. The lines were kept parallel to the x direction and the disk was scanned in
the y direction and it was then moved in the axial direction to simulate the
different position of the focus with respect to the object plane. We closed
up on a vertical segment as long as 10 mm, across the 400 µm strip. Images
of the defocusing of the strip were captured both in the case of the 300 µm
pinhole (a) and of no pinhole inserted (b): the clearest point in the pictures
represent the Aluminum lines at focus. A clear improvement of the contrast
is visible and the depth of field is reduced. Moreover, the images exhibit a
greater quality with respect to the corresponding ones that were shown in
the previous chapter just because the updated system was more efficient.
A line scan was performed also in a wider region, in order to investigate
the resolution capability of the system. The result is shown in panel (c):
good visibility of the 400 µm and 100 µm lines is evident, but the third
thinner stripe (20 µm) is completely invisible. This was expected: according
to the Rayleigh criterion the resolution of the system is about half the resel
length, that is about 67 µm.
4.4 Confocal tests
At the end of these preliminary characterizations, I was finally able to per-
form significant tests of the confocal capability of the microscope to distin-
guish between overlapping objects. In order to prove the functionality of the
setup I performed again measurements on a couple of PE disks, as illustrated
in Chapter 3, Figure 3.15. At this time, the distance d was kept at a mini-
mum of about 1.5 mm (that is the thickness of a single blank PE disk). For
the first example, I report images of samples composed by the disks of Figure
3.1 a and c: the one with the square arrays and the one with the stripes.
The couple of images I obtained with this configuration are shown in Figure
4.7. The THz images have been superimposed to the photographs of the real
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Figure 4.6: Defocusing of the cross section of the 400 µm and 100 µm wide Al
stripes. The disk is oriented in order to keep the Al lines parallel to the x axis
and perpendicular to the z axis. The sample is then moved in the axial direction
simulating the shifting of focus. Pictures were captured when the 300 µm pinhole
is inserted in the setup (a) and without any pinholes (b): each of them is 200x30
points. By means of the Rayleigh criterion, an estimation of the depth of field is
also possible by evaluating the plane positions where the signal transmitted from
the lines fell below the 73.5 % of the value in focus. Then: ∆zconfocal ∼ 1 mm
and ∆znonconfocal ∼ 1.5 mm. (c): 15 mm line scan of the surface disk in focus:
400 µm and 100 µm stripes correspond to the peaks of reflectivity indicated by
the arrows: the analysis of peaks evaluated their width: w400 = 363µm, w100 =
133µm sufficiently in line to the expectations.
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Figure 4.7: THz images of the samples of Figure 3.1 a and b kept at a distance
of 1.5 mm from each other. The measured results have been superimposed over
the photographs of the employed samples.
objects for clarity. The disk on the right was the nearest one from the laser
source, while the image on the left refers to “the hidden” plane. In panel b,
the 100 µm wide line in focus emerges from a rather noisy background and
only traces of the squares in front are still visible on the right part of the
inset. In the other panel, the background appears less confused. Probably
this confusion is due to the irregular roughness of the surfaces of the PE
disk. The defocusing of the strip is also slightly visible as a couple of parallel
diagonal traces: it must probably be the result of diffraction from the strip
whose width is comparable to the wavelength of the THz QCL. In any case,
if I compare these pictures to those obtained with the previous configura-
tions of the setup, the results are very noteworthy, especially if we consider
that the distance between the two image planes was reduced from 4 mm to
1.5 mm.
The investigations on the Al/PE samples were completed by the measure-
ments of the two identical disks with the matrix of Al squares evaporated
above. This time, the disks were rotated, in order to ensure that the im-
ages were not overlapping. An overnight scan was performed with images
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Figure 4.8: (1 to 10) THz images of the samples of Figure 3.1 a and b kept
at a distance of 1.5 mm from each other. Panel 10 shows the plane along the z
axis nearest to the QCL, the other images were taken at 250 µm long steps. The
images were obtained with the 300 µm pinhole. Images 3 and 8 are in focus on
the surfaces of the disks.
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recorded each 250 µm. Figure 4.8 shows the complete image set.
Squares on the first disk (the nearest one along the z axis to the QCL)
were disposed in vertical arrays. The colormap is chosen in order to demon-
strate that the images from distant planes lay on different intensity levels:
this effect is clear when inspecting pictures. Panels 3 and 8 are, in fact,
nearly in focus (which is compatible with the effective distance of 1.5 mm
between the evaporated surfaces).
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Figure 4.9: (a to c) Images of the superimposed square disks which were kept
at a distance of 1.5 mm from each other: panel a shows the nearest plane with
respect to the QCL, the other images were taken at steps of about 500 µm. The
300 µm pinhole was inserted. (d to f) The same measurements without confocal
pinhole. The measured contrast: Cconfocal = 0.84 while Cnonconfocal = 0.27.
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In order to demonstrate the good efficiency of the confocal filter, I decided
to re-image planes 3, 6 and 8, this time, without a confocal pinhole. In Figure
4.9 the comparison between the two cases is illustrated: the non confocal
images are depicted on the right, while the confocal ones are reported on the
left. Although the image on the right could appear, at first glance, clearer and
of a better quality - because of the higher signal detected - the measure of the
contrast is unambiguously in favor of the confocal picture: Cconfocal = 0.84
while Cnonconfocal = 0.27.
Before concluding this section, I wish to present a last image, which is
an instructive example, since it allows to understand one of the limits of
the setup employed. Figure 4.10 shows a close-up of the circuit sample of
Figure 3.1 e. Both the THz image (a) and the photograph (b) are reported.
If picture a is observed, a color grading from the bottom to the top of the
image can be easily noticed and, hence, a simultaneous degradation of the
image quality: it was caused by the reduced efficiency of the bolometer when
the helium in the cryostat evaporated in almost its entirety. The detected
signal decreased abruptly in the top of the image, lowering dramatically
the contrast. For this reason, scanning time has to be carefully evaluated
according to the time elapsed from the cryostat filling.
4.5 THz confocal images of real objects
In this last section, I wish to show some of the results obtained by using real
objects as samples to be imaged. Since the amount of radiation arriving to the
bolometer even in the absence of any sample is still very low (a few decades
of nW average), the transmission geometry imposed strict requirements on
the choice of the selected objects that had to be relatively thin and not
too absorbing at THz frequencies. This is the reason why most results I
report refer to individual layers and thin sheets. Some pills and some tablets
were also tested in order to investigate their inner structure as to reveal any
production defects, but, unfortunately, these attempts were not satisfactory
owing to the poor Signal to Noise ratio.
In the following sections I present the images of the wing of a fly, of a
banknote as well as of a fresh leaf and, finally, a last result which demon-
strates the functionality of the confocal microscope in a more complicated
structure constituted by two overlapping paper sheets.
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Figure 4.10: Circuit sample in a high resolution image. The degradation of the
quality, moving from the bottom to the top is related to the warming up of the
helium cryostat.
Wing of a fly
The wing of a fly is almost transparent to THz frequencies, except for the
inner structures that join the wing to the body of the fly. In Figure 4.11 both
the THz image and the photograph of the sample are shown. The quality of
the THz image is enough to resolve the main details.
Banknote
In the same spirit, I placed a 10 Euro banknote perpendicular to the op-
tical axis and performed various scans. Banknotes offered hidden features
that could easily be revealed by the THz radiation because of the great ab-
sorption mismatch between different materials in the inside; in particular a
vertical metallic strip (2 mm large) is inserted within the banknote. More-
over, watermarks ensure the presence of other features which could be also
distinguished by our THz system. In Figure 4.12 a a photograph of the ban-
knote is shown, in which the mentioned hidden structures are visible. Two
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Figure 4.11: (a) photograph of the wing of a fly and THz image (b,c). Two
different colormaps are used.
THz pictures were taken at different positions of the sample (1 mm from each
other) with respect to the z axis (c and d): the width of the vertical strip
helped us to determine that image c was in focus. Moreover, a bit of aspirin
was deposited in powder on the banknote by finger contact: the circle in the
close up of panel b illustrates the position of the substance. Its visibility
is very low in the photograph; nevertheless, dust appears with a very high
contrast in the THz images. This test was performed in order to simulate the
presence of drugs or other absorbing substances deposited on paper layers.
Finally, I captured three other images of the left area of the banknote
(with reference to Figure 4.12 a): here, an arch is actually depicted in the
watermark. Figure 4.13 shows the photograph and the three THz images
recorded at different z positions that were distant 500 µm from each other.
Picture c is on focus and also exhibits the best contrast. On the other hand,
panel b shows another example of how the measurements can be ruined by
the warming of the bolometer cryostat.
A fresh leaf
In order to illustrate the high resolution capability of the microscope, I chose
to capture the image of a fresh leaf. The main reason for this choice resides in
the possibility of a very high contrast due to the presence of water in the veins
of the leaf. A photograph of the sample under investigation is reported in
Figure 4.14 a. A first THz image of the entire sample was captured (90x160
pixels, 6 hours of acquisition time). Each point is recorded at steps 200 µm
long. The result are depicted in Figure 4.14 b and c, which are only different
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Figure 4.12: (a): Photograph of a 10 Euros banknote. Two areas were inves-
tigated: measurements covering the region framed by the orange rectangle are
discussed in Figure 4.13. A close-up of the yellow zone is depicted in panel (b)
with the corresponding THz images in panel (c) and (d). The latter differ only
for the position z of the banknote plane (in particular they were distant 1 mm).
The pictures in panel (c) is in focus as can be argued from the measurement of
the width of the “black” metallic strip. The circle highlights an aspirin grain that
was deposited on the paper. Due to high absorption at low frequencies, its trace
is more visible in THz images than in the photograph.
in the chosen colormap: the former recalls the original colors of the leaf,
while the latter adds more contrast by introducing a chromatic mixing: here
the veins are even more visible. Finally, I closed up on the area framed by
the white rectangle and captured a picture at very high resolution (200x200
pixels, for steps long 50 µm): the actual recording took a very long time (17
hours), but a significant result was obtained, which is depicted in Figure 4.14
d. The clarity of the veins is surprising and very small details are resolved.
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Figure 4.13: An area of the banknote of Figure 4.12 was investigated in detail in
order to appreciate the good capabilities of the assembled microscope on resolving
the geometrical figures in the watermark. Three THz images were captured, distant
500 µm from each other. Picture on panel c is in focus.
Written papers
The last result I would like to present is the double image of two overlapping
paper sheets. Some letters were written above the sheets using a pencil
because graphite possesses a good absorption at THz frequency and, thus,
a good contrast should be achieved. In Figure 4.15 a and b the pictures of
the two paper pieces are shown. In order to produce highly resolved THz
images, I chose an area no greater than 1.2 cm x 1 cm and the scan was
performed at steps of 100 µm. It took about 11 hours to capture each of the
two images reported. The two sheets were kept fixed on the two sides of a
blank, 1.2 mm thick PE layer in order to ensure the parallelism between their
surfaces. Figure 4.15 c and d show quite remarkable results. The plane with
the letters NE was the nearest one to the laser source and this is the reason
why it appears also as the clearest one. However, the letters on the back side
are clear enough to be distinguished. The colormap of the image is chosen in
order to simulate the real object colors, but probably the choice doesn’t help
to appreciate the quality of the image. For this reason, another colormap
with a more wide chromatic range is used in panel e and f of Figure 4.15, in
order to better separate the different levels in the pictures.
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Figure 4.14: (a) A photograph of a fresh leaf; (b) Confocal THz image of the
same leaf with intensity levels referring to a linear colormap which recalls the
color of the photograph. The measurements covered an area 1.8 mm x 3.2 mm
and 90x160 pixels were recorded. In order to highlight the veins of the leaf, a
wider chromatic range colormap is used in panel (c). The rectangular white frame
in panel (b) is imaged again with more points (200x200 pixels), in order to obtain
a high resolution close-up of the leaf: the image took 17 hours for capturing, but
the great amount of details shows the noteworthy capabilities of the instrument
realized.
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Figure 4.15: (a,b) Photographs of two paper sheets superimposed: the distance
between them was about 1.2 mm, letters were written using a pencil. The left
image was the nearest, along the optical axis, to the QCL. THz images of the paper
planes using a linear (c ,d) and a polychromatic (e ,f) colormap. Acquisition time
for each pictures was about 11 hours (120x100 pixels).
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Conclusions
In the present thesis work I assembled a confocal microscope which exploits
a THz quantum cascade laser as light source: to my knowledge it is the first
demonstration of a confocal setup employing a THz QCL. Some preliminary
tests were necessary in order to design the optimal configuration of the sys-
tem and to choose the better optics to be employed in the setup. In fact, the
confocal spatial filtering can sensibly reduce the depth of field of the micro-
scope, as well as improve its resolution and contrast. A part of the work was
devoted just to ameliorate the profile regularity: for these purposes, hollow
metallic waveguide and pinholes were examined.
The improvements in both contrast and resolution of the final system are
evident from the reported test measurements in Chapter 4. The definitive
setup allowed me also to capture very interesting images of real objects like
a banknote, a wing of a fly and a leaf. In particular, the leaf images show
an unprecedented definition in THz imaging, demonstrating the advantages
of inserting confocal pinholes in the assembly. Furthermore, the fabricated
instrument offered another important proof of its special capability to re-
solve images in depth: the THz images of the written and superimposed
paper sheets represent, in fact, peculiar measurements which are, indeed,
unaccessible to other imaging techniques.
A significant improvement of the present arrangement is already under
study in order to expand the range of measurable objects. It is going to be
based on a reflection geometry, for this choice should ensure a higher signal-
to-noise ratio and, indeed, even higher resolution in depth. Other relevant
developments should be guaranteed from higher power sources emitting in
continuous wave and better quality optics (for example, of anti-reflecting
coated type).
As mentioned, potential uses of the instrument could be found in qual-
ity inspections of industrial manufactures and biologic tissue or in Cultural
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Heritage studies: in particular, a THz microscope is very appealing for the
latter application because paintings and artworks can be investigated in a
non invasive way.
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Appendix A
Fabrication techniques
A.1 Test disks
Test samples were fabricated in the Clean Room of the laboratory by means
of lithographic techniques. A schematic picture of the procedure is shown in
Figure A.1. During the evaporation of aluminum over the surface of PE disks,
due to the non conventional material chosen as substrate, some difficulty
appeared: too low melting temperature and too long time in the evaporation
chamber, implied the possibility of casting the plastic material; for this reason
a careful choice of the evaporation parameters was necessary. In the following
I am going to describe the precise steps of the lithography I have performed.
Evaporation was provided by a KJC evaporator charged with Aluminum.
The ultimate shapes grown over the substrate are about 150-200 nm thick.
A complete microfabrication process frequently involves several litho-
graphic operations, but it is not the case. Positive photoresist is an organic
resin material containing a ”sensitizer”. It is spin-coated on the wafer with
a typical thickness between 0.5 µm and 10 µm. The sensitizer prevents the
dissolution of unexposed resist during immersion in the developer solution.
Exposure to light in the 200 to 450 nm range (ultraviolet to blue) breaks
down the sensitizer, causing exposed regions to immediately dissolve in de-
veloper solution. The exact opposite process happens in negative resists
where exposed areas remain and unexposed areas dissolve in the developer.
Optical exposure is provided in order to “print” an image of a patterned
opaque, chromium layered mask onto the resist. To develop the photoresist
after exposure, the sample is immersed in an aqueous developer solution
103
Al Evaporation Lift-off
Mask
Resist
Positiveresist Negative resist
UV
Oxygen
a b c
d e f
Figure A.1: Main stages of optical lithography.
to dissolve the exposed or the unexposed resist (depending on photoresist
nature, positive in the first case, negative in the second).
Subsequently the sample is inserted in the evaporator where an Al layer
is grown over the entire surface. When the thickness has reached the desired
level the disk can be lift off in Acetone. Only the part of the disk which is
evaporated over the undeveloped resist will be removed.
In Figure A.2 the results of the process involving the first disk of Figure
3.1 are shown.
Figure A.2: Detailed close-up of the disk depicted in Figure 3.1 a. The non
plane surface of the substrate (made of concentric circles) is visible.
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A.2 Home-made pinholes
Lithographic techniques were also used in order to fabricate small pinholes
for filtering radiation in the microscope setup: this time a high resistivity
Si wafer was used as substrate (about 50 % of reflection losses). Because a
great precision in the process was not required, the optical microscope lamp
was exploited as source for UV exposure. On the other hand the adjustable
diaphragm of the same microscope took the function of the patterned mask
previouly mentioned. The negative resist type was used for this process.
The other processing stages remained unmodified. Figure A.3 shows the
photographs of the three pinholes which were fabricated.
Figure A.3: Images of the three manufactured pinholes. The reference scale
allowed us to estimate the size of the sample respectively in 120 µm, 150 µm,
250 µm.
A.3 Hollow Core Waveguides
The examined Hollow Core Waveguides were fabricated in a laboratory of
the University College London. They are made of silica tubes with a polymer
(UV acrylate) coating on the outside surface and a 0.2-0.5 µm thick Ag film
on the internal surface, following the experimental procedure described in
[63]. A Sn2+ pre-treatment was used to deposit the initial Ag film on the
silica. Ag deposition has been carried out at a volumetric flow rate of 5.0
mL/min. The AgI film is deposited directly on the Ag layer at a flow rate
of 11.5 mL/min, in order to have a coating thickness approximately equals
to the critical one. The Ag/PS waveguides were realized by dissolving the
polystyrene in toluene at a concentration of 25 wt % and by coating the
waveguide sample at a flow rate of about 0.25 mL/min.
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